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Abstract

Effective degradation of various mono- and bifunctional aminochlorotriazine reactive dyes in simulated dyehouse
wastewater was achieved by the application of ferrioxalate-photo-Fenton [Fe(C,04)37/H,0,/UV-A; 300 nm > L > 400
nm] and titanium dioxide-mediated heterogeneous photocatalytic (TiO,/UV-A) treatment processes. These so-called
advanced oxidation processes were studied in a novel batch photoreactor that was irradiated by a solar simulating
installation. Decolorization by the ferrioxalate-photo-Fenton oxidation process was found to proceed three times faster
than the photocatalytic process, while the latter was more efficient in reducing the optical density at 280 nm wavelength
(UV380nm)- Complete decolourization and partial mineralization with 17-23% total organic carbon (TOC) and 73—
86% UV g0nm removals were achieved by the ferrioxalate-Fenton/UV-A and TiO,/UV-A processes, respectively,
within a 1-h treatment time. Emphasis was placed on the effect of dyehouse effluent strength on decolourization
kinetics, along with possible advantages of the ferrioxalate-Fenton/UV-A process over the conventional photo-Fenton
(Fe?* /H,0,/UV-C) process. The results of these experiments showed that the more dilute the dyehouse effluent the
faster the decolourization rate. On the basis of spectrophotometric measurements, dye decomposition could be suc-
cessfully fitted to the empirical Langmuir-Hinshelwood kinetic model. © 2000 Elsevier Science Ltd. All rights
reserved.

Keywords: Simulated reactive dyebath effluent; Aminochlorotriazine dyes; Advanced oxidation processes; Heterogeneous photo-
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1. Introduction toxicity of certain dyes but often due to their visi-

bility in receiving waters. Recent studies indicated

Colour removal from textile wastewater has
been a matter of considerable interest during the
last two decades, not only because of the potential

* Corresponding author. Tel.: +90-212-2631540; fax: +90-
212-2575033.
E-mail address: balciogl@boun.edu.tr (I.A.Balcioglu).

that approximately 12% of synthetic dyes is lost
annually during manufacturing and processing
operations and that 20% of the resultant color
enter the environment through effluents from
industrial wastewater treatment plants [1].

Colour in dyehouse effluents has often been
associated with the application of reactive dye-
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stuffs, during which up to 50% of the dyes may be
lost to the effluent [2]. Reactive dyes are present in
a hydrolyzed state in the exhausted dyebath or
wash-water, a form that can not be reused in the
dyeing process. Moreover, their photolytical/
chemical stability and extremely low physical affi-
nity [3] for various adsorbents make conventional
treatment a rather difficult task.

Almost 70% of all reactive dyes are of the azo
type [2]. Most of these dyes are resistant to
aerobic biotreatment [3,4], but they can be deco-
lourized anaerobically via reductive cleavage of
the -N=N- bonds [5-7] and then post-treated
aerobically. While coagulation and activated car-
bon adsorption can be used as alternative colour
removal methods [8-10], their success is rather
limited for reactive dyes, due to their relatively low
molecular weight, very high water solubility and
low affinity for these adsorbents [3].

Recent  experimental investigations have
revealed that reactive dyes can be decolorised by
advanced oxidation processes (AOPs) [8,11-13].
AOPs are ambient temperature processes invol-
ving the formation of hydroxyl radicals (OH*) that
aggressively and almost indiscriminately attack all
types of inorganic and organic pollutants found in
water and wastewater [14,15]. Most of the AOPs
comprise combinations of UV-light with powerful
oxidizing agents such as O3 and H,O, [16]. In this
regard, ozonation has been viewed as an expensive
and unsafe process [17], while the major draw-
backs of UV-C (4 <300 nm)-driven treatment sys-
tems such as O3;/UV-C, H,O,/UV-C and Fenton/
UV-C are the limited reactor configurations and
high operational costs [17].

Among the AOPs, the photo-Fenton (Fe?>™/3%/
H>0,/UV) reaction [18-21] and titanium dioxide-
mediated heterogeneous photocatalytic (TiO,/UV-
A) treatment process [22-24] are capable of
absorbing in the near-UV spectral region (300
nm<A<400 nm) to initiate radical reactions.
Their application would practically eliminate
major operating costs when solar radiation is
employed instead of artificial UV light.

Recently, the ferrioxalate solution that was used
for decades as a chemical actinometer [25] has
been applied in the photo-Fenton process, thus
allowing further benefit from solar radiation [26].

In this way, the well-known Fenton’s reagent leads
to OH® production [27-29]. The basic equations
associated with the photolysis of Fe(IlI)-species
and the Fenton reactions for the Fe(IIl)/H,O,/
UV-A and Fe(III)(C,04)3 /UV-A systems are
given in Egs. (1)—(4) [30,31]:

Photolysis of Fe(Ill)-species:

hv

Fe(III)(OH)** 5 Fe(II) + OH* (1)

k=0.0012 s7!
h _
Fe(II1)(C204)3™ = Fe(II)(C204)2 +C20,*  (2)

k=0.04 s

Fenton reactions:

Fe’™H,0, — Fe’t + OH® + OH"™ 3)
k=53 M~ s!

Fe(I)C,04 + H,0, —
Fe(II1)(C,04)"+OH® + OH™ &)

k=31x10* M~ s7!

The organic complexation of Fe(III) ion not
only increases the speed of photolysis but also
increases the quantum yield for Fe(III)-photo-
reduction from 0.14 to 1.2 at 313 nm [26].

Although heterogeneous photocatalysis has
been extensively studied for a wide range of
organic and inorganic pollutants, its application
to industrial wastewater is still rare [15,32,33].
Major drawbacks of photocatalytic processes are
the need to remove the catalyst after treatment
and the limited surface area of semiconductors.
The process of heterogenecous catalysis involves
the irradiation of TiO, with long-UV (UV-A)
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radiation and stimulation of valence band
electrons in the semiconductor by radiation. Fun-
damentally, excited electrons jump to the conduc-
tion band leaving holes in the valence band.
Possible catalytic redox reactions with electron/
hole pairs include reactions with organic and
inorganic constituents present in the polluted
water or electron-hole recombination. Holes react
with water and/or hydroxyl ions to produce OH*®
or directly oxidize pollutants, while electrons react
with dissolved O, or other electron acceptors to
form additional OH* [24].

Both advanced oxidation processes are thought
to be suitable for the degradative removal of
recalcitrant organic constituents in wastewater at
relatively low concentrations. In the present study,
their potential for removing refractory dyes from
simulated dyehouse effluents at concentrations
typically found in textile dyeing and rinsing water
is described and compared.

Table 1
Chemical composition of the simulated dyehouse effluent

2. Materials and methods
2.1. Materials

Water used throughout the experiments was
distilled and deionized (Milli-Q; Milli-pore Corp.).
H,0, (30%), iron(Ill) sulphate and potassium
oxalate required for the ferrioxalate-Fenton-like
reactions were Merck grade and used as received.
The suppliers’ elemental analyses were used in
calculating reagent concentrations in reaction
mixtures. P25 TiO, with a BET (Brunauer—
Emnett-Teller) surface area of 50 m?/g and mainly
the anatase (75%) crystalline form was purchased
from Degussa Corp.

2.2. Simulated dyehouse effluent

A synthetic dyehouse effluent containing five
representative Procion H (monofunctional)-HE

Dyestuff (colour index) Company Reactive group Concentration
(mg 1)

Procion Blue HERD BASF Bisaminochlorotriazine  6.83
(Reactive Blue 160)

Procion Crimson HEXL BASF Aminochlorotriazine 40.60
(ref. No. PR 3930/00)*

Procion Yellow HE4R BASF Bisaminochlorotriazine 15.00
(Reactive Yellow 84)

Procion Navy HEXL BASF Aminochlorotriazine 86.30
(ref. No. PR 3830/01)*

Procion Yellow HEXL BASF Aminochlorotriazine 33.30
(Reactive Yellow 138:1)

Auxiliary chemical Function in the dyeing and/or rinsing process Concentration

(g™

Acetic acid Neutralization 0.79

NaCl Transfers dyestuff to fabric 41.00

Na,CO;3 pH buffer 13.00

NaOH Produces covalent bonds between dyestuff and fabric 0.51

Polyether based copolymer Anti-creasing agent 1.20
micro-dispersion (nonionic)

Acyl copolymer—phosphor mixture Sequestering agent 0.85

Alkyl phenol polyglycol ether Detergent (washing out of unfixed dyestuff) 0.50

4 C.I. numbers have not been allocated.
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(bifunctional) (BASF AG, Germany) fiber reactive
dyestuffs and their corresponding auxiliary chemi-
cals was prepared, using a mixture of ten different
reactive dye formulations most often applied to
cotton fibers at a local dyehouse. According to the
practical information obtained from that dye-
house, typically 20% of the reactive dyes (in their
unfixed/hydrolyzed form) and 100% of the dye-
bath auxiliaries remain in the spent dyebath, and
the dyebath effluent undergoes a 5-30-fold dilu-
tion during subsequent washing and rinsing
stages. The concentrations of the reactive dyes and
auxiliary chemicals selected to imitate the exhaus-
ted reactive dyebath are given in Table 1, and the
characterization of the 15-fold diluted dyehouse
effluent simulating the dye rinse water is shown in
Table 2.

The simulated dyehouse effluent had character-
istic absorption maxima at 410 nm, 556 nm, and
604 nm arising from the dyes, and an absorption
band at 278 nm that is probably due to the
aminochlorotriazine anchor groups. It is impor-
tant to note that although the dye concentration in
the simulated effluent was relatively low and hence
suitable for advanced oxidative treatment, the
presence of OH® radical scavenging species (e.g.
CO3~ and CI- ions) at significant concentrations
makes this wastewater difficult to treat via
advanced oxidation [34,35].

Table 2
The environmental characteristics of the 1/15-fold diluted
simulated dyehouse effluent

Parameter Value
COD (mg 1Y) 97.70
TOC (mg 171) 46.80
BODs (mg 171) &
AOX (mg 17" 0.102
AZXOnm (mil) 41 72
A436nm (m_l) 8.79
Asr5nm (M) 12.95
A620nm (mil) 10.84
CO3~ (mgl™hH 490.57
Cl~ (mg/l) 1659
pH (units) 10.85

2 Below the detection limit.

2.3. UV-A photoreactor solar simulator

The experimental set-up used in the Fenton-like
and TiO,/UV-A experiments presented schemati-
cally in Fig. 1, consisted of a UV-A light source,
light homogenizer, reflector, and a photoreactor
with an air sparging unit.

Phillips Cleo-R UV-A fluorescent lamps (16x40
W) were mounted in a 64x 110 cm sleeve support.
The front of the light source was covered with a
light homogenizer (1200x600x3 mm) made of
UV-A transparent ground acrylic glass, to get a
more homogenous and diffuse light field. To reach
a nearly homogenous light field, four reflector
plates covered with aluminum foil were placed
perpendicular to the light homogenizer to form a
frame (840x490x200 mm) for the light. On the
irradiated side of the photoreactor, an average
incident photon-flux density of 22 W/m?
(=3.95x1073 Einstein m—2 min—!) was measured
using a Dr. Honle UV-A sensitive luxmeter. The
local deviation of the incident photon flux density
was less than 2.5%. The UV-A photoreactor was
made of a polymethylmethacrylate, PMMA
(Plexiglas®, R6hm GmbH, Darmstadt) double
skin sheet (SDP 16/32) that was secaled on the
bottom to form seven individual UV-A transmit-
ting rectangular tubes (510x28x 12 mm each). The

_1/ (a)

1| ()
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Fig. 1. Schematic of the photoreactor. (a) Light source (illu-
minating field), (b) photoreactor, (c) reflector, (d) supporting
frame, (¢) homogenizer, (f) air sparging unit.
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distance between the light homogenizer and
photoreactor was 190 mm. Each plexiglas tube
was filled with 150 ml aliquots of the simulated
dyehouse effluent, and this reaction solution had
an initial irradiated surface area of 0.0125 mZ.
During all experiments the photoreactor was con-
tinuously purged with air at a rate of 35 L h~! to
guarantee the presence of sufficient O, in the
reacting medium (> 8.5 mgl~") as well as to hold
the TiO, synthetic dyehouse effluent mixture in
suspension. The photoreactor was washed with
concentrated HNO; solution and subsequently
rinsed thoroughly with deionized water before
each use to prevent iron deposition during the
ferrioxalate-Fenton experiments. The lamps were
allowed to burn for 30 min prior to initiating
experiments, to obtain a constant light output.

2.4. Experimental procedure

For all experiments, 150 ml of simulated dye-
house effluent, prepared by diluting the simulated
spent reactive dyebath at different dilution ratios
(1/5-1/30), was placed inside the photoreactor and
treated for one hour. Treatment conditions (e.g.
oxidant, catalyst dose, and pH) were chosen
according to methods from a previous study [13]
and briefly described below.

2.4.1. Fenton-like reactions

For the Fenton-like experiments, the pH of the
simulated dyehouse effluent was adjusted to 2.8
with H,SOy4 (97%). Ferrioxalate was formed in the
reaction mixture immediately prior to initiating
the experiments. It was prepared from a solution
containing a 1:3 molar ratio of Fe(IIl) sulphate
(0.2 mM; with 0.4 mM Fe3* ions) and potassium
oxalate (1.2 mM) to ensure that all introduced
Fe(IIl) was complexed with a significant fraction
of oxalate ions. The pH of the resultant ferriox-
alate solution was 2.60-2.65 and taken as the
initial reaction pH.

The Fenton-like reactions were initiated by the
introduction of 5 mM H,0, (30%), giving a 1:12.5
molar ratio with respect to Fe(III) ions. The Fen-
ton-like oxidation was stopped by adjusting the

pH of the samples to 7.0-7.5 with NaOH stock
solution (6 N) giving Fe(III)-floc formation. Pre-
cipitated Fe(III)-flocs were removed by centri-
fuging (Heraeus Sepatech Labofuge) for 40 min at
4000 rpm.

2.4.2. TiO,/UV-A experiments

Before the photocatalytic experiments were
initiated, the pH of the dyehouse effluent was
adjusted to 7.0 using H,SOy4, and 1 g/l TiO, pow-
der was added. The TiO, slurries were sonicated
for 15-20 min to obtain a homogeneous TiO,-
sample suspension. TOC and absorbance mea-
surements confirmed that no dye degradation
occurred during sonication. No significant
immediate adsorption of the dyes on the catalyst
surface was observed at pH=7 in the present
study, based on TOC and absorbance measure-
ments before and after TiO, addition. After sam-
ple withdrawal, TiO, was separated by
centrifuging the sample suspensions, as described
for the Fenton-like reactions.

2.5. Sample analyses

For analyses, 10 ml-samples were taken
periodically from the photoreactor top and pre-
treated as explained in Sections 2.4.1. and 2.4.2.
To examine the progress of dye degradation,
absorbance values were measured spectro-
photometrically at four different wavelengths (620,
525, 436 and 280 nm) during the different treat-
ment processes. The first three wavelengths were
chosen because they are used in advanced treat-
ment methods for textile wastewater discharge
criteria in EU countries such as Germany [36].
Similarly, the absorption band at 280 nm was
employed to assess optical densities in the UV
spectral region.

UV-visible absorption spectra were determined
using a Perkin—Elmer Lambda 17 spectro-
photometer. TOC was analyzed using a Shimadzu
TC-5000 analyzer and residual (unreacted) H,O,
concentration in the treated samples was deter-
mined using the molybdate-catalyzed iodometric
titration procedure [37].
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2.6. Kinetic evaluation of reactive dyestuff
degradation with respect to initial dyehouse effluent
dilution ratio

To examine the progress of decolourization,
absorbance values were determined spectro-
photometrically at 620, 525, and 436 nm and at
five effluent dilution ratios (1/5, 1/10, 1/15, 1/20
and 1/30). For the investigated AOPs, decolour-
ization followed first-order reaction kinetics at all
effluent dilution ratios. Thus the use of a simple
pseudo-first order rate expression [Eq. (5)] was
appropriate:

—ln(A/Ai) = kapp Xt (5)

where k,pp is the pseudo-first order decolour-
ization rate constant (in min~!) and 4 is the
absorbance at the wavelengths employed (in m~!).

In the case of heterogenecous photocatalytic
treatments the effects of initial dyehouse effluent
strength as a function of the dilution ratio of the
exhausted synthetic dyebath were evaluated using
the Langmuir—Hinshelwood (L-H) approach that
is commonly applied to photocatalytic oxidation
processes [38,39]. Eq. (6) is used to provide an
approximation over a wide range of pollutant
concentrations:

—ln(A/Ai) =k x KXt =lkapp x t (6)

where k, is the reaction rate constant (in m~!
min~!), K is the equilibrium adsorption constant
(in m) and kapp is the apparent first-order reaction
rate constant (in min~!). In the case that gave
decreasing k,pp, values with increasing initial
absorbance (A4;) of the dyehouse effluent, the
overall decolourization rate was the sum of zero-
and first-order decolourization [40]:

In(A/A;) + K(A4; — A) =k, x K x t (7)

Using the L-H kinetic model in tandem with
Eq. (7), a linear plot of ¢/, versus A; is obtained:

f2 = 0.693/(k; x K) + 0.54; /k; (8)

3. Results and discussion
3.1. Photolytic decomposition of ferrioxalate

Since the addition of 1.2 mM ferrioxalate at the
beginning of the Fenton-like reaction contributed
to the organic load of the dyehouse effluent
(TOCterrioxalate =29 mg/l), its fate in the reaction
medium merits special consideration. Fig. 2 illus-
trates UV-A-light induced TOC abatement of 1.2
mM ferrioxalate solution in the absence and
presence of H>O, as a function of irradiation time.
Both sets of data reflect rapid mineralization of
oxalate with pseudo-first order kinetics. When
H,0, was introduced, ferrioxalate completely
mineralized within three minutes, nearly five times
faster than without H,O,. As a consequence, oxa-
late addition did not interfere with TOC
measurements after a few minutes of exposure to
UV-A light.

3.2. Process efficiency of different Fenton-like
reactions

To demonstrate the superiority of the ferriox-
alate-photo-Fenton process over the conventional
inorganic photo-Fenton reaction, the treatment
efficiencies of different Fenton-like reaction types
were compared in terms of selected process par-
ameters. Since H,O, can also act as an effective
OH"* scavenger when used at high doses, a control
experiment was conducted to determine whether a
two-step H,O, addition would be a beneficial

40T
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Fig. 2. TOC abatement during photocatalytic decomposition
of ferrioxalate solution in the absence and presence of H,O,.
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wastewater treatment process. Half of the H,O,
(2.5 mM) was added at the beginning of the reac-
tion and the remainder was added after a 10-min
irradiation period.

Apparent first-order decolourization rate con-
stants for the reduction of absorbance at 525 nm
and the % TOC and UV,gy,m removal rates after
different 1-h Fenton-like treatments are depicted
in Fig. 3.

The data in Fig. 3 show that the highest overall
% TOC reduction was observed via Fe(IlI)-oxa-
late-Fenton/UV-A oxidation (Fenton type A). It is
clear that Fe(Ill)-oxalate UV-A photolysis in the
absence of H>O, (Fenton type C) gave an 18 times
lower decolourization rate constant than the
Fe(Ill)-oxalate-Fenton/UV-A  process (Fenton
type A) and an overall UV gq,,, reduction rate of
13%. The data also clearly revealed that the two-
step H,O» addition process (Fenton type D) was
not beneficial, since dye degradation and hence
oxidant consumption were appreciably higher
when all of the H,O, was added at the beginning
of the AOP. The lower quantum yield associated
with Fe(III)/H,0,/UV-A oxidation (Fenton type
B) resulted in an appreciably reduced treatment
efficiency, indicating that the photoreduction of
Fe(I1T)-oxalate complexes produced a higher level
of OH* radicals than the photolysis of ordinary
Fe(I11) salts [26]. In the case of the dark Fe(III)-

oxalate-Fenton reaction (Fenton type E), no
degradation took place since these Fenton-like
conditions do not produce OH* [28]. This means
that day light-induced OH*® formation was quite
slow and inefficient compared to the UV-A-
induced Fenton-like processes (Fenton types A, B
and D).

3.3. Correlation between H>0, consumption and
UV >805m removal

Data for residual H,O, concentration and par-
allel UVyg0nm removal as a function of advanced
oxidation time for 1/15 diluted reactive dye
wastewater, under various Fenton-like conditions
are presented in Fig. 4. During Fe(Ill)-oxalate-
Fenton/UV-A oxidation, 67% of the initially
introduced H,O, was consumed within the first 10
min of this treatment and practically all (95%) of
the oxidant employed was depleted after one hour
treatment time (Fig. 4a). However, during the
Fe(IlI)-Fenton/UV-A process, 40% of the H,O,
employed remained in the reaction medium after
one hour. In the Fe(Ill)-oxalate-Fenton/UV-A
process that involved the two-step H,O, addition,
only 48% of the second portion of H,O, was
consumed during the same treatment period.
Almost no H,O, consumption occurred during
the dark control experiment (Fenton type E),

100 - 0,4
- OUV280 nm
80 |
i OTOC los
8 e m k525nm g
I uf
> <60 &
- = g
3 E 02 2
" B g
S Z
=
+ 0,1
20 +
0 ; t - 0
Fenton A Fenton B Fenton C Fenton D Fenton E
Treatment Type

Fig. 3. Overall per cent UV,g9nm, TOC removal and ks»s,, values obtained for 1-h treatment via different Fenton-like reactions.
Fenton A-E types refer to varying Fenton-like processes (cf. Section 3.1).
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revealing that since the photo-reduction of Fe(I1I)
to Fe(Il) does not take place in the absence of UV
light, there was no mechanism for H>O, depletion
via reactions (3) and (4). The results obtained
from Fe(IIT)-oxalate-Fenton/UV-A treatment and
control experiments indicated the presence of a
linear correlation (R?>=0.94) between H,O, con-
sumption and UVgg,,, degradation. Fig. 4 shows
that an increase in UVjygg,m values took place
within the first minute of all advanced oxidation
processes, probably due to the formation of solu-
ble ferriorgano and ferrihydroxycomplexes that
decomposed quickly thereafter in the presence of
UV-A light and H>O,. This is consistent with the
formation of strongly UV-A absorbing unstable
species in all Fenton-like experiments directly after
Fe(I11) addition [41,42].

Although ferriorgano complex formation was
observed in all of the present Fenton-like reactions,
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A A A A A A A A
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T2 - . "l--__. 8
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0 LR ‘ ‘ ‘ :
0 10 20 30 40 50 60
(b) 80
A
60 {0
T AAE & ; 4 4 4 1
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= - o
>;'3 ..‘ _____ l-----l.___.____.~~
5 . .
20
. . .
¢ >
0 t t t
0 10 20 30 40 50 60
Time (min)

¢ FentonA o FentonB 4 Fenton C
- #- FentonD A FentonE

Fig. 4. H,O, consumption (a) and UVjygg,, abatement (b)
obtained for 1-h treatment via different Fenton-like reactions.
Fenton A-E types refer to varying Fenton-like processes (cf.
Section 3.1). The arrow indicates the time of H,O, addition.

the major reason for the marginally higher reac-
tion rate of the ferrioxalate/H,O,/UV-A process is
the fact that the ferrioxalate-Fenton/UV-A pro-
cess is more effective for wastewater containing
polyaromatic compounds such as dyes [26]. These
compounds would normally compete with Fe(III)-
ions for UV-light (H,O, only photolyses below
300 nm), leading to the very slow destruction rate
of parent molecules that was also observed in the
present study. Ferrioxalate on the other hand
absorbs light more effectively in the 250-500 nm
region; thus interferences by these contaminants
still leaves 350-450 nm light available for absorp-
tion by ferrioxalate [26].

3.4. Decolourization kinetics of Fenton-like
processes

A series of experiments was conducted at five
different dyehouse effluent concentrations (dilu-
tion ratios of 1/5, 1/10, 1/15, 1/20 and 1/30) to
assess the impact of solute concentration on the
decolourization rate constant. Fig. 5 shows plots
of 1> (decolourization half-life) versus 4; (initial
absorbance) at 436, 525 and 620 nm. It is clear
that a linear relationship between ¢, and 4; was
found. Generally, the absorption bands at longer
wavelengths were removed much faster, with the
blue colour disappearing somewhat faster than red
and yellow. A five- (436 nm), six- (525 nm) and
eight-fold (620 nm) increase in A; resulted in an
approximately four- (436 nm) and three-fold (525
nm-620 nm) increase in the decolourization rate
constant (kapp).

3.5. Process efficiency of TiO>-mediated
photocatalytic treatments

During all photocatalytic experiments the pH of
the reaction medium did not change significantly
from the initial pH7 value. The synthetic effluent
contained appreciable amounts of CO3~ (Table 2),
creating an HCO3/CO3~ equilibrium that served
as an effective pH7 buffer.

Fig. 6 provides ksysnm values, overall % UVagonm
and TOC removal efficiencies as a function of
photocatalytic treatment time for the TiO,/UV-A
reaction, and data from control experiments
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involving 1/15 diluted reactive dye wastewater. It
is clear from these data that the decolourization
rate constant was three times lower in the TiO,/
UV-A process versus the Fe(Ill)-oxalate-Fenton/
UV-A process. Similarly, Spaceck et al. [43] found
that the decomposition of phenolic compounds
and their intermediates by the photo-Fenton pro-
cess was much higher than by TiO,-mediated
photocatalytic degradation. In that study, a higher
level of OH* radical formation also seemed to be
the primary reason for the higher degradation
rates in Fenton-like process.

The overall UVigoum and TOC removal
efficiencies were 86 and 17%, respectively, after a
1-h photocatalytic treatment and, thus, was
slightly better at removing aromaticity than the
Fe(Ill)-oxalate-Fenton/UV-A  process  (73%
UVsgonm and 23% TOC removal). It was also
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Fig. 5. Plots of #,, versus 4; at 436 nm (a), 525 nm (b) and 620
nm (c) wavelengths for ferrioxalate/H,O,/UV-A treatment.

found that the TOC kinetics were zero-order for
photocatalytic treatments and the other investi-
gated treatment processes. Adsorption on the
photocatalyst surface was not observed under
dark conditions at pH7, where TiO, carries a
negative charge (TiO,p.=6.3) [24], and thus the
anionic dyes in the simulated dyehouse effluent
were electrostatically repelled. Since certain reac-
tive dyes possess good photochemical stability, it
was not surprising that degradation by direct UV-
A treatment in the absence of semiconductor did
not occur.

As found with the photo-Fenton reactions, a
decrease in UVagonm values (Fig. 7) started after a
10-min photocatalytic treatment, indicating frag-
mentation of the aromatic molecules into smaller,
colorless compounds following the interactions
between OH radicals and the parent dye structures.
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Fig. 7. UVygonm abatement as a function of photocatalytic
treatment time for TiO,/UV-A, TiO, and UV-A only.
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3.6. Decolourization kinetics as a function of
initial dyehouse effluent strength for the TiO,/UV-
A treatment process

For the TiO,/UV-A process, the empirical L-H
kinetic model was employed to describe the
photocatalytic  decolourization process. This
model assumes that photocatalytic treatments
involve complex processes in which pollutants are
first adsorbed and subsequently degraded on the
photocatalyst surface. Plots of #,5s versus 4;
values are displayed in Fig. 8.

The kinetic equations given in Fig. 8(a—c) pro-
vide the K and k, values of the L-H kinetic model
that were determined from the intercept and slope
of the straight lines, respectively.

Pseudo-first order rate constants for decolour-
ization decreased with increasing dyehouse efflu-
ent strength, due to the combined effects of
increased dye concentration and decreased optical
density of the effluent. Similar observations were
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Fig. 8. Plots of #;, versus 4; at 436 nm (a), 525 nm (b) and 620
nm (c) for the TiO,/UV-A treatment process.

made in a previous study that pertained to the
ozonation of spent reactive dyebath effluents [44].
Furthermore, photocatalytic decolourization rate
constants (k; values) increased at higher wave-
lengths and a parallel slight decrease in adsorption
constants (K values) was observed. As a con-
sequence of the neutral pH, the calculated K
values were relatively low, and photocatalytic
degradation rather than adsorption was respon-
sible for the observed colour removal. From K and
k: constants in which K << k,, it is apparent that
light-induced adsorption is the rate limiting step of
photocatalytic decolourization.

4. Conclusions

It has been found that simulated reactive dye-
wastewater can be effectively treated by homo-
geneous Fe(Ill)-oxalate-Fenton/UV-A and het-
erogeneous TiO,/UV-A reactions in a novel
photoreactor under O,-saturated conditions at
pH=2.6 and 7.0, respectively. It is also clear
that:

1. The more dilute the initial effluent the faster
the dye degradation.

2. The empirical L-H kinetic model is appli-
cable to the photocatalytic decolourization
reactive dyes at various concentrations in
dyehouse effluents.

3. Decolourization is faster using ferrioxalate-
Fenton/UV-A oxidation, whereas the TiO»/
UV-A process is slightly better in overall
UVsgonm removal. The best TOC abatement
occurs after a one hour treatment.

4. For the Fenton-like reactions, a positive
correlation exists between the extent of
UVagonm removal rate (dye modification/
degradation of) and H,O, consumption.

5. No dye degradation is observed in the
absence of UV-A irradiation.

6. The cost of the pH-adjustment (to pH7)
ultimately determines whether an improve-
ment in treatment efficiency by pH-regula-
tion is economical.
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