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Abstract

Fenton’s reagent (Fe>"/H,0,) is known as one of the most effective and most often employed advanced oxidation process (AOPs) for the
treatment of textile dyes and dyehouse effluent. In the present study, a synthetic acid dyebath effluent (SADB) bearing two azo and one anthra-
quinone dye together with two dye auxiliaries was subjected to pretreatment with Fenton’s reagent. Firstly, initial Fe>" and H,O, concentrations
as well as pH were optimized to achieve highest COD and color removals during Fenton’s treatment of SADB. In the second stage of the ex-
perimental work, kinetic studies were conducted to elucidate the effect of operating temperature (20 °C < T < 60 °C) on COD, color abatement
and H,O, consumption kinetics. Obtained results indicated that 30% COD and practically complete color removal (99%) could be achieved at T =
50 °C. The kinetic studies revealed that a strong correlation existed between COD removal and H,O, utilization rates. In the final part of the
study, the acute toxicity of raw (untreated) and pretreated SADB on heterotrophic biomass was investigated employing a modified (COD-
balanced), activated sludge inhibition test. The toxicity experiments demonstrated that the inhibitory effect of SADB towards sewage sludge

could be completely eliminated when the effluent was pretreated with Fenton’s reagent.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Textile dyeing is the most water consuming and chemically
intensive process among all textile preparation, dyeing, wash-
ing and finishing stages. Effluent from textile dyeing contains
residuals of dyebath auxiliaries and unfixed dyestuff at sig-
nificant concentrations [1]. Unfortunately, most chemicals
employed for textile dyeing are known for their recalcitrant
nature, i.e. they are hardly biodegradable and also resist
most physicochemical remediation methods such as adsorp-
tion, coagulation or precipitation [2,3]. However, if not treated
properly, effluent containing these chemicals will not only in-
hibit the performance of municipal sewage treatment works
accepting primary and/or secondary treated textile effluent,
but also seriously deteriorate the aesthetics and threaten the
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aquatic life of receiving waters. Consequently, the effective
and feasible treatment of dyehouse effluent remains a problem-
atic and challenging task for the textile finisher who is con-
fronted with discharge consents that are becoming stricter
every day.

Effluent from the textile dyeing and finishing operations
can be successfully treated with advanced oxidation processes
(AOPs) that have been employed to reduce the pollutant load,
recalcitrance and/or toxicity of industrial pollutants for more
than two decades now [4—13]. AOPs are defined as ambient
temperature oxidation reactions, which generate free radicals
(mainly HO3, "OH) in sufficient quantities to affect water
and wastewater treatment [14]. Among them, the hydroxyl
radical ("OH) is one of the most reactive and strongest oxi-
dants (reduction potential =2.8 eV versus NHE) that aggres-
sively and almost indiscriminately reacts with organic as
well as inorganic compounds in aqueous medium [5,15].
They are produced on-site most commonly by combinations
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of ultraviolet irradiation (UV), ozone, hydrogen peroxide and
(photo)catalysts (mainly transition metal salts) forming rather
compact, homogenous oxidation systems [16]. The heteroge-
neous type AOPs particularly involve TiO,-mediated semicon-
ductor (photo)catalytic processes [17]. Both AOP types proved
to be very effective for the partial degradation (decolorization)
of different textile dyes in the recent past [18]. Among the cur-
rently existing AOPs, the Fenton process (Fe**/H,0,) usually
applied at acidic pH (2—5) is the method of choice for heavily
polluted and highly colored industrial waste streams due to its
ease of operation, the high abundance of reactants and
relatively low operating costs [19—21]. Different Fenton
applications have already been reported in the scientific liter-
ature, such as the treatment of wastewaters from the acid
manufacturing, pharmaceutical, textile, and pulp and paper
industries [22—24].

Acid dyes are commonly used for dyeing polyamide fibers
as well as silk, wool and modified acrylics [25]. They are one
of the most frequently applied textile dye classes world-wide
and have the highest market share in the Turkish polyamide
dyeing sector. Acid dyes are employed at pH =3—5 and at
high temperatures (7= 95—105 °C) making them ideal candi-
dates for Fenton’s oxidation.

There is a huge body of scientific literature reporting the ap-
plication of Fenton’s process for the degradation of commercial
textile dyestuffs [10,11,26—28]. However, to our knowledge,
none of these studies have investigated the effect of tempera-
ture on the relationship between dyebath degradation and
oxidant (H,O,) consumption rates for Fenton’s processes. In
addition, there is also no information available on the toxicity
and/or biodegradability changes occurring in textile dyebaths
after Fenton’s pretreatment.

The objective of the present study was to investigate the
treatability of a simulated acid dyebath effluent (SADB)
with Fenton’s reagent and to assess the effect of chemical pre-
treatment (partial oxidation) on the acute toxicity and biode-
gradability of SADB. The first part of the experimental work
involved the optimization of Fe?" iron (1-10 mM) and
H,O, (10—100 mM) concentrations as well as reaction pH
(2—5) in terms of overall percent COD and color removal ef-
ficiencies for a fixed reaction duration (30 min). In the second
part of the study, a kinetic evaluation of the Fenton process at
different reaction temperatures (7= 2—70 °C) was carried out
in order to demonstrate the thermal improvement of Fenton’s
reaction in terms of COD and color abatement Kinetics.
Finally, the effect of Fenton’s pretreatment on acute toxicity
and biodegradability was assessed by means of a modified
(balanced for organic loading) activated sludge inhibition test.

2. Materials and methods
2.1. Reagents and supplies
The Fenton’s pretreatment experiments were investigated

on SADB, an acid dyebath formulation being frequently
used to dye polyamide fabrics at Turkish as well as

international dye mills. SADB consist of three different acid
dyestuffs (C.I. Acid Yellow 242, C.I. Acid Red 360 and C.I.
Acid Blue 264) and two dye auxiliaries (a leveling agent and
an acid donor). The dyestuffs and dye assisting agents were
kindly supplied by a dyehouse located in Istanbul, Turkey.
The chemical composition of SADB is given in Table 1.

The acid dyes and auxiliaries were dissolved in boiling
Milli-Q water to simulate a typical SADB, making up a total
COD of 2747 33 mg/L. Generally speaking, acid dyes are
well attained on the targeted fabric and usually only 10—
20% of the applied dyestuffs remain in the spent (exhausted)
dyebath [25]. However, in the present work it was assumed
that all SADB components totally remained in the exhausted
dyebaths in order to observe the consequences of a ‘“‘worst
case scenario”; i.e. the Fenton’s performance under stressed
conditions.

All chemicals used were at least reagent grade and obtained
from Fluka, Aldrich, Merck or Riedel depending upon their
price, purity and availability. Chemicals used for the Fenton
pretreatment experiments were hydrogen peroxide (35% w/w,
Fluka), ferrous iron sulphate hepta hydrate (Merck), NaOH
pellets (Merck), enzyme Catalase (made from Micrococcus ly-
sodeikticus; 1 AU destroys 1 pmol H,O, at pH=7 RTP,
100181 U/mL, Fluka), and sulphuric acid (Merck). Reagents
used for the residual H,O, analyses were KI solution (1%
w/v), Ammonium molybdate solution (0.12 N), sulphuric
acid solution (2 N), starch indicator solution (0.2% w/v) and
sodium thiosulphate (0.1 N).

2.2. Experimental procedure

Appropriate amounts of Fenton reagents were taken from
the stock solutions of FeSO4-7H,O (0.36 M) and H,0,
(35% wiw) to attain the desired H,O, and Fe>" concentra-
tions. The pH of the medium was adjusted to the desired value
before starting the experiment with concentrated (6 N) NaOH
and H,SO, solutions. A temperature controllable magnetic
stirrer (Yellowline MST Basic, IKA-WERKE) was used to
ensure perfect mixing at a constant rate of 300 rpm during
all experiments. Thereafter, proper amounts of FeSO,-7H,0
were added to the reaction solution as the ferrous iron source.
The reaction was assumed to start with the addition of H,O,.
After the selected reaction time, usually set as 30 min for the
preliminary optimization experiments, the experiment was

Table 1
Chemical components and composition of the SADB

Dyestuff (CI index) Dye chromophore type Concentration (mg/L)
Acid Yellow 242 Azo 30
Acid Red 360 Azo 30
Acid Blue 264 Anthraquinone 30

Assisting chemical ~ Chemical composition Concentration (mg/L)

Leveling agent An oxyethylene derivative 1500
with amine and sulphonic
properties

Acid donor A formic ester 500
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ceased with the addition of NaOH as to increase the pH to
around 10 + 0.5, where ferrous iron precipitated out as solid
Fe(OH);. After the iron sludge was removed via filtration,
the residual (unreacted) H,O, in solution was checked with
H,O, strips (Quantofix, Macherey—Nagel) and enzymatically
decomposed to H,O 4 O, with appropriate amounts of Cata-
lase in order to prevent the positive interference of H,O,
with the COD measurements. H,O, was immediately de-
stroyed in this way in all samples whenever the reaction solu-
tion was not analyzed for residual H,O, (its abatement during
the reaction).

The preliminary optimization experiments for the SADB
were carried out at room temperature (20 °C) for different
concentrations of Fe*" (1—10 mM), H,O, (10—100 mM)
and at different pH values (pH =2—5) in 250 mL flasks, and
the kinetic (COD and H,O, abatement) experiments were con-
ducted at a temperature range of 20—70 °C for 90 min under
pre-determined optimum experimental conditions in 2 L-
capacity glass beakers with a fixed SADB volume of 1L.
For these kinetic experiments, 25 mL. sample aliquots were
withdrawn at specific time intervals up to 90 min, out of which
10 mL was separated and used to determine their residual
H,O, concentration.

2.3. Analytical procedure

All samples were filtered through 0.45 um syringe filters
(purchased from Sartorius and Millipore) prior to analyses.
COD measurements were conducted in accordance with the
titrimetric open reflux method [29]. Changes in color were
recorded as absorbance values on a colorimeter (Novaspec
II, Pharmacia LKB) in 1 cm disposable cuvettes at the three
specific wavelengths A =436, 525, 620 nm corresponding to
perceived colors yellow, red and blue, respectively. These three
absorption bands were selected for color determination in raw
and pre-treated reaction solutions since they are indicated in
the discharge consents set for color in the German Guidelines
due to the trichromatic nature of color in dyehouse effluent
[30]. The Turkish legislation currently has no discharge
standard for color, however, within the framework of the adop-
tion of the European Union Aquis this particular standard
is foreseen in the updated environmental legislation for
discharge limit values in receiving water bodies.

2.4. Activated sludge inhibition test

Acute toxicity tests were conducted in accordance with
a test procedure described in ISO 8192 [31]. The activated
sludge inhibition experiments were run at a constant tempera-
ture of 20 £ 2 °C. The heterotrophic biomass used in the acti-
vated sludge inhibition test was daily fed with synthetic
wastewater (SWW) to simulate a readily biodegradable efflu-
ent of domestic nature. The ingredients of SWW (stock solu-
tion) are described in Table 2.

The test samples (raw and pre-treated SADB) were diluted
with appropriate amounts of SWW (CODgww = 500—

Table 2

Synthetic wastewater stock solution (COD,, = 30,000 mg/L)

Reagent (g/L)
Peptone 16
Meat extract 11
Urea 3
NaCl 0.7
CaCl,-2H,0 0.4
K,HPO, 2.8

SWW was diluted with tap water to obtain the required COD.

1000 mg/L) to obtain a series of different SADB COD
fractions thereby keeping a constant total COD in the
SADB 4+ SWW mixture. This modification of the standard
ISO 8192 tests was necessary to eliminate the effect of
changes in organic loading (COD) on activated sludge
responses that may cause misinterpretation of dose (COD)—
response (of biomass). During the inhibition tests, SWW +
raw or pre-treated SADB effluent mixtures were continuously
aerated for 30 min in 500 mL-test beakers containing proper
amounts of activated sludge that were previously acclimated
to SWW for at least 3 months. The F/M (food-to-microor-
ganisms) ratio was adjusted exactly to 0.19 mg COD/mg
MLVSSd™' (active biomass; MLVSS = 600—900 mg/L).
The decrease in dissolved oxygen concentration (in mg/L) in
the test blank (SWW only) as well as in different dilutions
of raw and pre-treated SADB samples was monitored for
2—4 min using a WTW Oxi Digi 2000 model oxygen meter.
Oxygen uptake rates (OUR; expressed in mgL~'h™") in the
blank (SWW) and SWW-diluted dyebath samples were calcu-
lated based on the linear part of the declining dissolved
oxygen curves as a function of the aeration (i.e. biological
treatment) time. Percent inhibition of OUR, i.e. Ioyg, for
every tested sample dilution, was calculated using the follow-
ing equation:

IOUR(O/O) = [(RB _RT> X ]OO]/RB (1)

where Ry is the OUR in the effluent sample mixture
(SADB + SWW) and Rp stands for the OUR in the blank sam-
ple (SWW only). The Ioyr values were thereafter plotted
against In (COD)’s (natural logarithm of the CODs of different
SADB dilutions). The COD content of raw and pre-treated
SADB resulting in 50% decrease in OURs (i.e. ECs( value;
in mg/L) was calculated by interpolation of the In (COD) ver-
sus percent Ioyr plots obtained for different SADB + SWW
sample mixtures. In addition, the COD contributions from
SWW were kept above 250 mg/L in order to prevent the inter-
ference and/or misinterpretation arising from substrate (COD)
limiting conditions. The heterotrophic sludge sensitivity was
checked by means of a reference test chemical 3,5-dichloro-
phenol. Its ECsq value (5—30 mg/L) was reconfirmed by ap-
plying the above indicated ISO 8192 test procedure and was
found as 29 mg/L.
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3. Results and discussion

3.1. Pretreatment with Fenton's reagent — optimization
experiments

Referring to the Fenton process, it is well known that
a higher hydrogen peroxide (oxidant) to pollutant molar ratio
results in more thorough substrate degradation; while higher
concentrations of ferrous iron (catalyst) yield kinetically faster
oxidation rates [32]. As previously mentioned, Fenton’s re-
agent is employed to produce sufficient quantities of “OH to
degrade organic substances (R) at diffusion limited rates
(kr..on = 10’—10"M™! sfl). In order to achieve maximum
treatment performance, particular attention must be paid to
Fe>* and H,0O, concentrations in order to avoid the
following undesired ‘OH-scavenging reactions occurring in
the presence of an excess of one of the two reagents [33]:

Fe’* +°OH — Fe’* + OH™  (ky oc = 3.0 x 10M's7")

(2)

H202 +.OH - HQO + HO'Z (kz() oc = 2.7 x 107 1\/1_l S_l)
(3)

Accordingly, if Fe*" and/or H,O, concentrations are over-
dosed, the amount of available "“OH to oxidize organic matter
becomes low. In other words, a pollutant specific optimum
molar ratio between H,O, and Fe’™ (Fe2+:H202) must be
determined in order to minimize the scavenging effects.

3.1.1. Effect of Fe*™ concentration

In order to determine the optimum initial Fe*™ concentra-
tion, a set of experiments was carried out for SADB for which
the concentration of Fe** (0.5—10 mM) was progressively in-
creased while maintaining the concentration of H,O, constant
at an arbitrary value of 30 mM. All experiments were carried
out for 30 min and at an initial pH of 3. Percent COD removal
efficiencies obtained after 30 min Fenton’s treatment of SADB
at varying initial Fe*" concentrations are presented in
Fig. 1. The iron concentrations studied were in the range of
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Fig. 1. Effect of Fe*" concentration on COD removal efficiency

(H,0, =30 mM; pH = 3; t =30 min; COD, = 2741 mg/L).

0.5—20 mM. Control samples without Fe’" addition were
also conducted to explore the effect of mere H,O, oxidation.

It is evident from Fig. 1 that COD removal increased with
increasing initial Fe*™ concentrations. Only at concentrations
exceeding 10 mM COD removals did not increase significantly.

Percent color removal efficiencies at the predefined wave-
lengths are depicted in Fig. 2. Decolorization rates followed
a similar trend to COD removals. The optimum ferrous iron
concentration was selected as 10 mM corresponding to 24%
COD removal (COD,=2741 mg/L) after 30 min treatment
of SADB.

Percent overall COD and color removal efficiencies obtained
after 30 min treatment of SADB via Fenton’s reagent at varying
initial Fe*™ concentrations are summarized in Table 3. It is
interesting to mention here that although no color removal
was obtained for low Fe?" concentrations (0.5—2.0 mM),
COD removal was already observed even if Fe*" was totally
absent. Although at the first sight this is rather surprising,
upon consideration of the fact that dyestuffs are not the sole
ingredients of SADB and it might be inferred that the dye
auxiliaries may also contribute to the apparent COD removal
rates obtained for SADB.

3.1.2. Effect of H,O, concentration

The effect of initial H,O, concentration on treatment effi-
ciency was investigated by trying different concentrations of
H,0, at the optimum Fe*" concentration previously deter-
mined as 10 mM at pH = 3. The selected H,O, concentration
was in the range of 10—100 mM. A separate control experi-
ment was conducted to observe the (coagulating) effect of
Fe>" addition only in the absence of H,O,. The results are dis-
played in Fig. 3 in terms of percent COD removal efficiencies
obtained after 30 min Fenton’s treatment of SADB.

As can be seen from Fig. 3, percent COD removal firstly
increased with increasing initial H,O, concentration from
15% at 10 mM to 30 mM, beyond which concentration the
COD removal rate started to decrease due to the previously
mentioned OH" scavenging effect. Hence an optimum H,O,
concentration yielding an overall COD removal efficiency of
24% at pH=3 and =30 min (COD,= 2745 mg/L) could

100
a Qa
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O
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40 -

Color Removal (%)
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0 436nm A 525nm O 620 nm
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0 4 8 12 16 20

Fe?* (mM)

Fig. 2. Effect of Fe?* concentration on color removal (H,O0, =30 mM;
pH=3; t=30min; COD,=2741 mg/L; A4z, o=0.83 em ™l Aszs, o=
0.61 cm™"; Agyg, o =0.28 cm™").
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Table 3
Effect of initial Fe>" concentration on percent COD and color removal
efficiencies

Fe?* COD Color

concentration Final Removal  Final absorbance at Removal
(mM) COD efficiency A (cm™") efficiency

(mg/l) (%) (%)
436 nm  525nm 620 nm 620 nm

0.0 2692 2 -2 — — —

0.5 2621 5 -2 - - -

1.0 2582 6 -2 0.498 0.273 —

2.0 2573 6 - 0.520 0.215 —

3.0 2419 12 0.544 0.315 0.150 46

4.0 2477 10 0.389 0.196 0.108 61

5.0 2419 12 0.554 0.253 0.109 61

7.5 2371 14 0.29 0.097 0.057 80

10 2107 23 0.14 0.049 0.022 92

15 2189 26 0.241 0.091 0.040 88

20 2078 30 0.203 0.065 0.019 93

H,0, =30 mM; pH=3; reaction duration =30 min; COD, = 2746 mg/L;
Auze, 0=0.83cm ™5 Asys o =0.61 cm™'; Agap, o =0.28 cm ™.
% No reduction observed.

be established. Percent color removal efficiencies obtained at
varying H,0O, concentrations during Fenton’s oxidation of
SADB is displayed in Fig. 4.

As is evident in Fig. 4, unlike in the case of COD removal,
color removal took place even for the case when no H,O, was
added and decolorization efficiency did not increase for HO,
concentrations above 30 mM. From these findings it can be in-
ferred that the optimum H,O, concentration (to achieve high-
est color removal) was found as 30 mM, coinciding with the
highest COD removal efficiency. Thus the most suitable
Fe?":H,0, molar ratio in terms of both COD and color remov-
als from SADB at pH =3 was determined to be 1:3. Exactly
the same molar ratio was obtained for phenol oxidation by Ei-
senhauer [34]. Similarly, Sedlak and Andren [35] found a ratio
of 1:4 for the degradation of chlorinated biphenyls. The molar
ratios determined for the degradation of different types of tex-
tile dyes were determined as follows: 1:5 for the oxidation of
Vat Blue BO [36]; around 1:5 and 1:7 for Disperse Blue 106
and Disperse Yellow 54, respectively [28], coinciding with
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Fig. 3. Effect of H,O, concentration on COD removal efficiencies during
Fenton’s pretreatment of SADB (Fe2+ =10mM; pH=3; ¢=30min;
COD,, = 2745 mg/L).

100
Q o
[}
~ 801 2 =
) A
= A
E 60 - o
£ D .
)
& 404
ke o
<]
O 5{ 4
0436 nm AS525nm 0620 nm
00— T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

H,0, (mM)

Fig. 4. Effect of initial H,O, concentration on percent color removal efficiency
(Fe*™ =10 mM; pH=3; =230 min; Az o,=0.833cm™'; Asys ,=0.612
cm™ Ae0, o =0.28 cm Y.

the molar ratios of 1:7 and 1:5 established for Reactive Blue
49 and Reactive Yellow 84, respectively, as obtained in the
same experimental work. The results of Fenton’s pretreatment
of SADB at varying initial H,O, concentrations are presented
in Table 4. Owing to the fact that color removal could be best
followed at A = 620 nm, results in terms of color removal were
shown for this particular wavelength in the forthcoming tables.

3.1.3. Effect of pH

As indicated before, pH has a significant effect on the per-
formance of Fenton’s reactions and the most suitable pH range
for the removal of various organics was found between 2 and 5
[18—21]. On the other hand, pH re-adjustment usually done
in order to neutralize the pH after Fenton’s treatment and to
remove iron from the oxidized effluent may result in an
additional coagulation + precipitation effect [31].

The effect of pH on COD and color removals during
Fenton’s treatment of SADB was examined for already opti-
mized initial Fe*™ and H,O, concentrations. The tested pH
values ranged between 2 and 5. The effect of pH on percent

Table 4
The effect of initial H,O, concentration on percent COD and color removal
efficiencies obtained for Fenton’s oxidation of SADB

H,0, COD Color

concentration Final Removal Final absorbance Removal

(mM) COD efficiency (cm™'y at efficiency
(mg/L) (%) A =620 nm (%)

0 2636 4 0.267 5

10 2347 15 0.186 34

20 2386 13 0.054 81

25 2405 15 -2 -2

30 2086 24 0.022 92

35 2290 19 -2 -2

40 2328 18 -8 -8

50 2438 11 0.042 85

75 2448 11 0.022 92

100 386 13 0.017 94

Fe** =10 mM; pH=3; reaction duration =30 min; COD,=2745 mg/L;
Ag20, 0 =0.28 cm L.
% Not determined.
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overall COD and color removal efficiencies are presented in
Figs. 5 and 6, respectively.

As can be clearly seen in Figs. 5 and 6, an optimum pH to
achieve the highest COD and color removal efficiencies was
found at around pH=3. Unlike in the case of Fe’" and
H,0O, concentrations, COD and color abatement rates were
not very sensitive to the variations in pH. However, both
decreasing the pH to below 3 or increasing the pH above 3
resulted in slightly worsening effects in terms of COD removal
rates, whereas color abatement was not appreciably higher at
pH values < 3 than at pH > 3. Table 5 summarizes the exper-
imental results obtained for pretreatment of SADB with
Fenton’s reagent at varying pH.

The results given in the above table again emphasize that
color and COD removal efficiencies were fortunately not
very sensitive to pH, implying that the pH range encountered
in typical acid dyebaths is suitable for oxidation via Fenton’s
reaction.

3.2. Kinetic studies

Kinetic experiments were conducted for 90 min at pre-
determined, optimized reaction conditions (Fe”: 10 mM;
H,O, =30 mM; pH=3) in order to examine the effect of
SADB temperature (20—70 °C) on COD, color and H,0,
abatement rates. It was aimed to determine the fate of COD
and H,0, at varying reaction temperatures for two major
reasons; namely, in order to question whether a positive corre-
lation existed between COD removal and H,O, (oxidant)
consumption. The other reason for a kinetic evaluation at
elevated temperatures was the fact that acid dyestuffs are typ-
ically used at elevated temperatures (>90 °C). Fig. 7 shows
COD abatement rates versus treatment time for the oxidation
of SADB at varying temperatures (20—60 °C).

It was observed from Fig. 7 that COD removal from SADB
leveled off after 30 min treatment for all operating tempera-
tures. It is also important to note that the positive effect in
COD removal rates with increasing reaction temperature was
more pronounced within the first minute of Fenton’s reaction.
The highest COD removal efficiency was obtained at
T =50 °C as 30% with a final COD value of 1843 mg/L after
30 min as well as 90 min indicating the presence of an opti-
mum reaction temperature.
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Fig. 5. Effect of pH on percent COD removal efficiencies (Fe*" = 10 mM;
H,0, =30 mM; ¢ =30 min; COD, =2731 mg/L).
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Fig. 6. Effect of pH on percent color removal efficiencies (Fe*™ = 10 mM;
H,0,=30mM; t=30min; COD,=2731mg/L; Asz ,=0.833 cm ™!
Aszs. 0 =0.612cm™"; Agzg. o =028 cm™?).

Corresponding color removal efficiencies at the most repre-
sentative wavelength (A = 620 nm) with respect to varying re-
action temperatures are presented in Fig. 8. It may be observed
from Fig. 8 that the highest color removal (99%) was already
achieved at T =50 °C after 30 min reaction.

The residual H,O, concentration was also determined at
varying temperatures as a function of treatment time. For
that purpose parallel samples were taken for the determination
of remaining (unreacted) H,O, in SADB. Fig. 9 presents H,O,
abatement (consumption) rates as a function of Fenton’s treat-
ment of SADB at varying temperatures.

Both COD and H,0, abatement followed first-order kinet-
ics for the first 30 min of the reaction. Reaction kinetics could
be formulated as follows:

In <§O> =—kxt (4)

where C and C stand for COD or H,O, concentrations at t =t
and ¢ =0, respectively, and k is the first-order COD or H,0,
abatement rates constant, expressed in min~!. Percent overall
COD removal efficiencies, final CODs, together with first-
order COD and H,O, abatement rate constants (i.e. kcop
and ky,0,, in min~') are summarized in Table 6.

Table 5
Effect of pH on percent COD and color removal efficiencies for Fenton’s
oxidation of SADB

pH COD Color
Final Removal Final absorbance Removal
COD efficiency (em™1y at efficiency
(mg/L) (%) A =620 nm (%)

2.0 2185 20 0.05 82

2.5 2349 14 0.021 93

3.0 2076 24 0.022 92

35 2348 14 0.064 77

4.0 2403 12 0.057 80

4.5 2294 16 0.058 79

5.0 2376 13 0.060 79

Fe** =10 mM; H,0,=30mM; reaction duration=30min; COD,=

2731 mg/L; Agyo, o =0.28 cm ™',
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Fig. 7. COD abatement kinetics at different temperatures at optimum reaction
conditions (Fe*" = 10 mM; H,O, = 30 mM; pH =3; =90 min).

Table 6 indicated that both kcop and ky,0, had the highest
values at 50 °C and tended to decrease at temperatures above, in-
dicating a ‘sharp’ optimum temperature value. Apparently, there
seemed to be a positive correlation between COD and H,0,
abatement rates that can be evaluated in terms of the reaction
coefficient ratio, i.e. “kcop/ku,0,”. Fig. 10 illustrates kcop/
ku,0, obtained for SADB oxidation at varying temperatures.

As is evident in Fig. 10, the ratios of the calculated first-
order reaction rate coefficients remained practically constant
at around 0.1 min~'(—COD)/min"'(=H,0,), speaking for a
fair correlation between H,O, consumption and COD removal
rates, also revealing that H,O, consumption is 10 times faster
than COD removal. Nevertheless, it should be pointed out here
that the actual (and active) oxidant responsible for COD abate-
ment is not H,O,, but in situ formed ‘OH, that may explain
that the obtained ratio is considerably less than unity (theoret-
ical H,O, requirement or equivalent H,O, on mass basis =
2.12 x COD).

3.3. Effects on acute toxicity

As already known, xenobiotic chemicals such as antibiotics,
commercial brighteners, anti-chelating agents or organic textile
dyestuffs are reluctant to aerobic biodegradation. However,
pretreatment of toxic industrial wastewater bearing non-
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Fig. 9. H,0, consumption rates at different temperatures (Fe*™ = 10 mM;
H,0,, ,=30mM (1020 mg/L); pH = 3; =90 min).

biodegradable pollutants by AOPs fortunately leads to less toxic
oxidation intermediates that are more accessible to biological
treatment, as was recently reported for synthetic textile waste-
water [37]. Besides biodegradability, the toxicity of wastewater
is a crucial parameter to evaluate the effectiveness of AOPs.
This was already demonstrated by several investigations in-
cluding Fenton’s treatment [38], ozonation [39], perozonation
(H,0,-assisted ozonation) [40], TiO,-mediated heterogeneous
UV-A-photocatalysis [41], H,O,/UV-C treatment [42], and
ultrasonic irradiation [43] of textile dyes and dyebath effluent
using standard Daphnia magna toxicity test procedures or the
Microtox® technique by employing the luminescent bacteria
Vibrio fischeri (i.e. Photobacterium phosphoreum).

To elucidate the effect of Fenton’s oxidation on both acute
toxicity and biocompatibility at the same time, the untreated
and Fenton’s pre-treated SADB was subjected to a modified
(COD-balanced) activated sludge inhibition test using hetero-
trophic biomass under conventional aerobic biotreatment con-
ditions (F/M ratio =0.19 mg COD/mg MLVSS d™'), where
the total COD of the SADB 4 SWW sample mixtures was
kept constant at 700 mg/L thereby incrementally increasing
the COD fraction coming from SADB effluent. The OURs
in raw (SADB + SWW), treated (SADB + SWW) and blank
(SWW) samples were measured in parallel after 30 min

Table 6
Percent COD removal efficiencies, final CODs, kcop and ky,0, obtained for
Fenton’s treatment of SADB at varying reaction temperatures

Absorbance at 620 nm (cm™)
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Fig. 8. Color removal for SADB at different operating temperatures
(Fe?™ =10 mM; H,0, =30 mM; pH = 3; 1 =90 min; Ago, o= 0.28 cm™").

T (°C) COD Final kcop R? k0, R?
removal COD (min~") (min~")
(%) (mg/L)
20 23 2109 0.0204 0.95 0.152 0.90
30 24 2056 0.0214 090  0.148 0.92
40 26 2061 0.0205 090  0.198 0.96
45 25 1872 0.0224 0.88 0272 091
50 30 1843 0.0268 090 0344 0.99
55 25 1895 0.0198 090  0.338 0.95
60 22 2070 0.0210 0.85 0.231 0.85

Fe?* = 10 mM; H,0, =30 mM (1020 mg/L); pH = 3; =230 min; COD, =
2747 £33 mg/L.
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Fig. 10. Effect of reaction temperature on kcop/ku,0, (Fe?* =10 mM;
H,0, =30 mM; pH = 3).

aeration in activated sludge. Fig. 11 presents the In COD
versus Ioyr plots established for different COD dilutions of
raw SADB with SWW.

According to Fig. 11, the ECsy (for =30 min) for raw
SADB was found as 311 mg/L. COD. Considering that the
COD contribution of SADB in the final, total wastewater of
the dyeing and finishing mill without Fenton’s pretreatment
of SADB was estimated to be 687 mg/L COD (the volumetric
contribution of the dyebath effluent to the total dyehouse efflu-
ent is 25%) it may be concluded that SADB is expected to
exhibit a considerable toxicity (inhibitory effect) on the bio-
sludge of the local treatment plant or of the municipal sewer
exposed to dyehouse effluent containing SADB. On the other
hand, no inhibition in OURs was found for the samples
containing SADB exposed to Fenton’s pretreatment (relative
to the OUR measured for SWW under the same conditions).
It may be concluded from the above mentioned experimental
results that the inhibitory effect of SADB on activated sludge
microorganisms was totally eliminated after Fenton’s pretreat-
ment, coinciding with former related studies.

4. Summary and conclusions

The present work aimed at exploring the effect of Fenton’s
pretreatment on the degradability and toxicity of a simulated
acid dyebath effluent. The following conclusions may be
drawn from the experimental studies:

100
80
S
-4
S 4
= ECs, =311 mg/L
R?=0.98
20 -
0 T T T T
55 5.7 5.9 6.1 6.3 6.5

In(COD)

Fig. 11. Iour (%) versus In (COD) plot for raw (untreated) SADB (F/M =
0.19 mg COD/mg MLVSS d ', test duration = 30 min).

1. Optimization of process conditions: optimum experimental
conditions for the simulated acid dyebath effluent were
established as follows: Fe?™ =10 mM; H,0, =30 mM
and pH=3 at room temperature (7 =20 °C), which
yielded an overall COD removal efficiency of 23%. The
corresponding color removal efficiency was 92%.

2. Effect of temperature/thermal enhancement: overall COD
removal efficiency increased from 23 to 30% upon eleva-
tion of the reaction temperature from 20 °C to 50 °C at
optimized reaction conditions. The accelerating thermal
effect on COD removal was more pronounced at the
beginning of Fenton’s reaction (first few minutes). COD
abatement did not show any improvement upon further
increase in temperature and reaction time confirming an
optimum value for Fenton’s pretreatment of the dyebath
effluent.

3. Assessment of reaction kinetics and oxidation rate—
oxidant consumption relationship: the first-order COD
abatement rate constant increased from 0.02min~' to
0.03 min~' by increasing the temperature from 20 to
50 °C. The first-order reaction rate constant for H,O,
consumption increased from 0.15 min~' to 0.34 min~'
by increasing the temperature from 20 to 50 °C. Further
increase in temperature did not improve oxidation and
oxidant consumption rates. H,O, consumption ran parallel
to COD removal; at approximately 10 times faster rate
than COD abatement.

4. Effects of pretreatment on acute toxicity and biodegrad-
ability: according to the activated sludge inhibition test
(ISO 8192), the ECsq value obtained for untreated acid
dyebath effluent was 311 mg/L in terms of COD, whereas
the pre-treated samples of dyebath effluent exerted no in-
hibition, indicating that the inhibitory effect of the spent
acid dyebath was totally eliminated with Fenton’s pretreat-
ment. Biocompatibility of the acid dyebath effluent was
restored to that of readily biodegradable effluent of domes-
tic character upon exposure to Fenton’s pretreatment under
optimized reaction conditions.
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