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a b s t r a c t

The present study deals with the investigation of photocatalytic degradation and mineralization of C.I.
Basic Red 46 (BR46) and C.I. Basic Yellow 28 (BY28) dyes in single and binary solutions as a function of
periodate ion concentration (IO4

−), irradiation time, initial pH and initial dye concentrations. First order
derivative spectrophotometric method was used for to simultaneous analysis of BY28 and BR46 in binary
mixtures. Langmuir–Hinshelwood kinetic model was applied to experimental data and apparent reaction
eywords:
hotocatalytic degradation
eriodate
inary mixture
erivative spectrophotometry

rate constant values were calculated. The apparent degradation rate constant values of BR46 were higher
than those of BY28 for all experiments in single dye solutions. On the other hand, the significant reductions
were observed for the apparent degradation rate constant values of the BR46 in the presence of BY28 in
binary solutions whereas TOC removal efficiency slightly enhanced in binary system. The highest TOC
removal efficiency was obtained at pH 3.0 by adding 5 mM periodate ion in to the solution in the presence
of 1 g/L TiO2 for both dye solutions. After 3 h illumination, 68, 76 and 75% mineralization were found for

BR46
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100 mg/L BY28, 100 mg/L

. Introduction

Dyes and pigments represent one of the problematic groups;
hey are emitted into wastewaters from various industrial branches,

ainly from the dye manufacturing and textile finishing and also
rom food coloring, cosmetics, paper and carpet industries [1,2].
ischarge of dye effluents into the natural streams may be toxic

o the aquatic lives. Color affects the nature of water and inhibits
he sunlight penetration into the stream and reduces photosyn-
hetic activity [3]. Cationic dyes, commonly known as basic dyes,
re a complex family and used in acrylic, nylon and wool dyeing
4].

Such extensive use of dyes and pigments often poses problems
n the form of colored wastewater that require pre-treatment for
olor prior to disposal into receiving water bodies or publicly owned

reatment works [5]. Several methods such as physical, physico-
hemical, chemical and biological are available for the removal/or
egradation of dye containing wastewater. Physical methods do not
egrade the pollutants but they only transfer them from the liq-
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and 50 + 50 mg/L mixed solutions, respectively.
© 2008 Elsevier B.V. All rights reserved.

id phase to the solid phase, thus causing secondary pollution [6].
he biological methods are more natural and easy to implement
ut they have a major drawback, which is the production of sludge
roportionally to the volume of treated water. When the volume to
reat is huge, recycling is essential [7]. Also, many of dyes belong

ostly to the non-biodegradable and recalcitrant type of water pol-
utants [8]. Chemical treatments provide adequate response to a
umber of specific cases, because with them the pollutant is not
eing transferred, rather converted, or in the ideal case mineral-

zed [7]. Chemical methods, especially advanced oxidation process
AOPs) like photocatalytic oxidation, photo-Fenton, electro-Fenton,
V/H2O2, and ozonation processes seem to be more promising

9–12]. These processes base on generation of powerfully oxidizing
adicals (especially •OH). Heterogeneous photocatalysis methods
ave been used in the recent years for the removal of toxic organic
nd inorganic contaminants from industrial wastewater, because
hey not only degrade the pollutants but also cause their complete

ineralization to CO2, H2O and mineral acids [6]. Photocatalytic
rocess (UV/TiO2) promises increasing attention because of its low
ost, non-toxic, insoluble, highly reactive nature and relatively high

hemical stability of TiO2 [6,13]. These processes also require mild
peration conditions of temperature and pressure and in many
ases result in total mineralization of the pollutants without any
aste disposal problem. In this sense, due to fast development of

ight related technologies, the photochemical processes are posi-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bgozmen@mersin.edu.tr
mailto:mturabik@mersin.edu.tr
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Nomenclature

BR46 Basic Red 46
BY28 Basic Yellow 28
C dye concentration of each component at any time

(mg/L)
C0 initial dye concentration of each component (mg/L)
dC/dt rate of dye degradation (mg/L min)
D the absorbance value of each dye at the first order

derivative wavelength
k reaction rate constant (min−1)
t irradiation time (min)
TOC total organic carbon
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nometer method [21]. Samples were withdrawn from solutions at
Greek letter
� wavelength (nm)

ioning themselves on a privileged position to compete with other
vailable technologies [7].

There are limited studies on the degradation of dye mix-
ures. Since real wastewater contains many pollutants, degradation
ystem design must be based on multi-component effluents. Multi-
omponent analysis has also become one of the most appealing
opics for analytical chemists in the last few years. The simultane-
us analysis of multi-component solutions is very complex problem
n analytical chemistry due to the spectral interferences, which
esults in widely overlapped absorption bands [14,15]. Deriva-
ive spectrophotometry provides greater selectivity and offers a
olution in resolving the overlapping spectra in multi-component
nalysis without previous chemical separation [16,17]. The derivati-
ation of zero order spectrum leads to separation of overlapped
ignals and the maxima and minima of the original function take
ero values, and the inflections are converted into maxima or min-
ma, respectively [16,18].

There are almost no studies on the degradation of basic dyes in
inary mixture by UV/TiO2/IO4

− system though colored wastewa-
ers are polluted by various dyes. The main objective of this study
as to investigate of the photocatalytic degradation of Basic Red
6 (BR46), Basic Yellow 28 (BY28) dyes in binary mixture. Also,
he effects of periodate ion (IO4

−) concentration, irradiation time,
nitial pH and dye concentration on the photocatalytic degradation
nd mineralization of BR46, BY28 by UV/TiO2/IO4

− system in single

r binary mixture solutions were examined. First order derivative
pectrophotometric method, which was useful method to solve the
verlapped spectra in multi-component systems, was used for the
imultaneous analysis of BY28 and BR46 dyes in binary mixtures.

c
c
A
T

Fig. 1. Chemical structure
Materials 164 (2009) 1487–1495

. Materials and methods

.1. Material

Basic Red 46 (BR46; 80–90% dye content, azo dyestuff) and
asic Yellow 28 (BY28; 85–95% dye content, methine dyestuff)
19] were supplied by DyStar textile firm with commercial names
strazone Red FBL and Astrazone Goldgelb GL-E and used without
ny purification. The characteristics and structure of these basic
yes are summarized in Fig. 1. Titanium dioxide (Anatase form
9.9%) was purchased from Aldrich. Its median particle size was
pproximately 1 �m, specific surface area 8.9 m2 g−1, and pHzpc

pproximately 3.8 [20].

.2. Preparation of dye solutions

The stock solutions of Basic Yellow 28 and Basic Red 46 dyes
ere prepared in 1.0 g/L concentration. The test solutions con-

aining desired combinations of BY28 and BR46 were prepared by
iluting of BY28 and BR46 stock solutions and mixing them in the
est medium. The initial pH of each solution was adjusted to the
equired value with concentrated H2SO4 and NaOH solutions before
hotocatalytic degradation procedure.

.3. Photocatalytic degradation procedure

The photocatalytical degradation tests were carried out in
80 mL cylindrical water jacketed pyrex reactor charged with
50 mL of aqueous solution of dyes and 1.0 g/L TiO2 powder. The
xperiments were carried out different initial dye concentrations in
he range of 20–100 mg/L for single solutions of BR46 and BY28 dye
nd, at different dye concentrations of binary solutions containing
0 or 50 mg/L of each of BR46 and BY28. In all of the experiments,
ye solutions were illuminated at original solution pH or adjusted
arious pH values. The solution was sonicated for 10 min to dis-
erse TiO2 uniformly in the solution and potassium periodate was
dded to the solution before illumination. The mixture was mag-
etically stirred during the experiments at 400 rpm. The mercury
apour UV lamp (UVP-CPQ-7871) which emits its maxima radi-
tion at 365 nm was used as the light source and placed in the
nner of the reactor. The intensity of the incident light inside the
hotoreactor, measured as 0.38 × 10−6 Einstein s−1 by uranil acti-
ertain time intervals and centrifuged to remove TiO2. The con-
entration of dye solutions were analyzed spectrophotometrically.
ll experiments were repeated twice and averages are reported.
he removal efficiency of dye (%) was calculated according to the

s of BR46 and BY28.
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Fig. 2. Spectra of BY28 and BR46 in single and binary solutions.

ollowing equation:

emoval efficiency of dye (%) = C0 − Ct

C0
× 100 (1)

here C0 and Ct are the initial and remaining dye concentration at
iven time t, respectively.

.4. Analysis of basic dyes in single and binary mixtures

Shimadzu UV-160A spectrophotometer was used for the anal-
sis of studied dyes. The analyses of BY28 and BR46 in single
olutions were done using zero order absorption spectra at max-
mum wavelengths (�max) of each dye at 437 nm and 529 nm,
espectively. In their binary mixtures, the absorption spectrum of
Y28 and BR46 dyes overlapped and showed interference between
he zero order spectra of BY28 and BR46 dyes, so their concentra-
ions could not be determined by direct absorbance measurement
Fig. 2). The previous research of Turabik [22] showed that the con-
entration of BY28 and BR46 in binary mixtures could be rightly
etermined by first order derivative spectrophotometry. The first
erivative is the rate of change of absorbance against wavelength.

t starts and finished at zero, passes through zero at the same wave-
ength as �max of the absorbance band with first a positive and then

negative band, with the maximum and minimum at the same
avelengths as the inflection points in the absorbance band [18].

he derivatisation of zero order spectrum can lead to separation
f overlapped signals, reduces the effect of spectral background
nterferences caused by presence of other compounds in a sam-
le [15,18]. Hence, BY28 and BR46 dye concentrations in binary
ixtures were determined by measuring the absorbance signal at

he first order derivative wavelength. For the binary mixtures of
Y28 and BR46, BY28 dye could be determined at 380 nm (1D380)

n the presence of BR46, where the absorbance of BR46 was zero;
nd BR46 dye could be determined at 560 nm (1D560) in the pres-
nce of BY28, where the absorbance of BY28 dye was zero (Fig. 3).
he absorption spectra of the studied dyes were recorded in 1 cm
uartz cells at a scan speed of 1000 nm/min and a fixed slit width
f 2 nm.

.5. Total organic carbon
Total organic carbon (TOC) contents of the 10 mL samples with-
rawn from the reactor at certain time intervals were analyzed by
ekmar Dohrmann Apollo 9000 instrument after removing of TiO2.
n TOC analysis, the samples were ignited at 700 ◦C on platinum-
ased catalyst, and the carbon dioxide formed was swept by pure

D

D

d

ig. 3. First order derivative spectra of BY28 and BR46 in single and binary solutions.

xygen as the carrier gas through a non-dispersive infrared (NDIR)
etector.

. Results and discussion

.1. The determination of optimum photocatalytic degradation
onditions

.1.1. Effects of UV, TiO2 and IO4
−

The effect of periodate ion (IO4
−) as an oxidant on the degra-

ation of BR46 and BY28 dyes in single solution was investigated
nd compared with the TiO2 (only), IO4

− (only), UV (only), UV/IO4
−,

V/TiO2 and UV/TiO2/IO4
− systems. As can be seen from Fig. 4a and

, TiO2 alone in the absence of periodate and UV irradiation was
ound to have no measurable effect on the degradation of these
yes during 30 min irradiation time. A similar behavior was also
bserved in the UV system alone. In the case of periodate ion alone,
he degradation yields were determined as approximately 10% and
% after 30 min for 40 mg/L of BR46 and BY28, respectively. The
egradation yields of two dyes in UV/IO4

− system without TiO2
ere obtained approximately 20% after 30 min treatment which

s probably due to the production of radical species. The photo-
atalytic decomposition of periodate under UV radiation involves
he formation of a number of highly reactive radical (•OH, IO3

•,
O4

•) and the non-radical species (O3, IO4
− and IO3

−) [23,24]. As
hown in Fig. 4a and b UV/TiO2 system had more significant effect
n the degradation of dyes than that UV/IO4

− system. This result is
xplained by the fact that TiO2 is exposed to UV radiation; an elec-
ron is promoted from the valence band to the conduction band.
hus, an hVB

+/eCB
− pairs is produced (Eq. (2)). The photocatalyst,

itanium dioxide, is a wide band gap (3.2 eV) semiconductor, cor-
esponding to radiation in the near-UV range:

iO2 + h� → eCB
− + hVB

+ (2)

The highly oxidative hVB
+ can react easily with surface bound

2O to produce hydroxyl radicals or can directly react with the
urface sorbed organic molecules (R) to form R+ [13,25–27].

VB
+ + H2O(ads) → •OH + H+ (3)

ye + •OH → degradation product (4)

+
ye + TiO2 (hVB ) → oxidation product (5)

ye + TiO2 (eCB
−) → reduction product (6)

When periodate was added to the UV/TiO2 system, dyes degra-
ation increased from 40% to 100% for BR46 after 20 min treatment
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Fig. 5. Degradation of BR46 and BY28 by UV/TiO2/IO4
− system with different IO4
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ig. 4. Degradation of (a) [BR46]0: 40 mg/L, pH: 4.72 (original), (b) [BY28]0: 40 mg/L,
H:5.20 (original); experimental conditions: (×) TiO2 (1 g/L) only, (©) UV only (�)

O4
− (2 mM) only, (�) UV/IO4

− (2 mM), (�) UV/TiO2 (1 g/L), (�) UV/TiO2 (1 g/L)/IO4
−

2 mM), V: 150 mL.

n a single solution (Fig. 4a). The effect of IO4
− oxidant on the dye

egradation extremely depends on electronegativity and atomic
adius of I atom. The large I atom polarizes easily and therefore
ecomes highly electropositive in IO4

− which results enhanced
apture of released electrons from TiO2 (Eq. (7)) thus elongating the
ife of hVB

+. The net effect is the increase in the rate of formation
f hydroxyl radicals and thus effective degradation of the organic
ubstrate [11,26,28,29]:

O4
− + 8e(CB)

− + 8H+ → 4H2O + I− (7)

The effect of periodate ion concentration in the range of
.0–10.0 mM on degradation for BR46 and BY28 was also inves-
igated in UV/TiO2/IO4

−system and given in Fig. 5a and b. Based on
hese results, the degradation yields of BR46 and BY28 dyes were
lightly enhanced by increasing periodate concentration.

The effect of periodate ion concentration on the photocat-
lytic degradation of BR46 and BY28 was also investigated by
inetic analysis and reaction rate constants were determined.
he photocatalytic degradation of various organic compounds
y means of illuminated TiO2 can be formally described by the
angmuir–Hinshelwood kinetics model [30]:

dC kKC
=
dt

=
1 + KC

(8)

or low concentrations of dyes (KC < < 1), neglecting KC in the
enominator and integrating with respect to time t, the above
quation can be simplified to the pseudo-first order kinetic model

t
c
u
e

oncentrations as a function of treatment time. [IO4]0: (�) 1 mM, (�) 2 mM, (�)
mM, (�) 5 mM, (�) 10 mM. Experimental conditions: (a) [BR46]0: 40 mg/L, TiO2:
g/L, pH: 4.72 (original), V: 150 mL. (b) [BY28]0: 40 mg/L, TiO2: 1 g/L, pH: 5.20 (orig-

nal), V: 150 mL.

quation [6].

n
(

C0

C

)
= kKt = kappt (9)

here dC/dt is the rate of dye degradation (mg/L min); C0 = initial
oncentration of the dye (mg/L); C = concentration of the dye at
ime t (mg/L); t = irradiation time (min); k = reaction rate constant
min−1); K = the adsorption coefficient of the dye onto the photo-
atalyst particle (L/mg); kapp = the apparent rate constant calculated
rom the curves (min−1).

If pseudo-first order kinetic model is applicable, the plot of
n(C/C0) against t in Eq. (9) should give a linear relationship, from

hich kapp can be determined from the slope of the plot. This kinetic
odel was applied to the experimental data and apparent rate con-

tants of both dyes in single solutions, kapp, were determined from
he slope of the plots. The obtained kapp values in different IO4

−

oncentration were given in Fig. 6. The degradation rate constant
ncreased when IO4

− concentration changed from 1.0 to 10.0 mM
oncentration. Since this augmentation enhances to produce highly
eactive radicals due to captured the electrons ejected from TiO2 by
O4

− ions according to Eqs. (2), (4) and (7).

It is interesting to note that there is no parallel observation in

he TOC removal results. The oxidizing power of the four different
oncentration values of IO4

− to mineralize BR46 solutions was eval-
ated from their TOC decay (Fig. 7a). Total organic carbon removal
fficiencies were observed as 72 and 86% for 2 and 5 mM IO4

− after
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ig. 6. The effect of IO4
− concentration on the photocatalytic degradation rate con-

tants of (�) [BR46]0: 40 mg/L, pH: 4.72 (�) [BY28]0: 40 mg/L, pH: 5.20. Experimental
onditions: TiO2: 1 g/L (original), V: 150 mL.

h treatment, respectively. But TOC removal efficiency was deter-
ined as 78% for 10 mM IO4

−. As seen in Fig. 7b, a similar trend
as obtained for BY28 dye. The mineralization efficiencies of BY28

olutions were obtained as 85 and 83% by using 5 and 10 mM IO4
−

fter 3 h treatment, respectively. In this case, TOC removal perfor-
ances by using 3 or 5 mM IO4

− are much better than using 10 mM
O4

− in our UV/TiO2/IO4
− system.The decrease in the mineraliza-

ion efficiency of dyes with increasing IO4
− concentration is mainly
ue to scavenging the valuable hydroxyl radicals with IO4
− ions as

hown in Eq. (10) [27].

OH + IO4
− → OH− + IO4

• (10)

ig. 7. TOC removal efficiency of BR46 and BY28 dyes versus of IO4
− concentration.

xperimental conditions: (a) [BR46]0: 40 mg/L, (b) [BY28]0: 40 mg/L, TiO2: 1 g/L, pH:
original), V: 150 mL.
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ig. 8. Degradation of (a) [BR46]0: 40 mg/L at different pH values: (�) 3.2, (©) 4.7
original), (�) 6.1, (�) 7.0, (�) 8.0. (b) [BY28]0: 40 mg/L pH: (�) 3.2, (©) 5.2 (original),
�) 6.1, (�) 8.0. Experimental conditions: TiO2: 1 g/L, [IO4

−]0: 2 mM, V: 150 mL.

Lee and Yoon [24] reported that the decolorization rate con-
tants of Reactive Black 5 dye were found to increase at low
eriodate ion concentrations (0–5 mM), but slightly decrease at
igher concentrations (>5 mM) by UV/IO4

− system whereas the
egradation of BR46 and BY28 dyes increased with 10 mM peri-
date compared to 5 mM periodate in our study. Lee and Yoon [24]
sed KIO4 stock solution in their study, but in this study KIO4 was
dded as a powder in to solution. Because, KIO4 slowly dissolved in
ye solution and there are no excess IO4

− ions at the beginning of
hotodegradation treatment. When KIO4 completely dissolved in
olution, most of color of dye solution may be removed and then the
xcess IO4

− ions presence in the solution may scavenge hydroxyl
adicals which may attack dye metabolites.

.1.2. Effect of pH
The photodegradation process is pH dependent and the pro-

ess exhibits different behavior with the chemical character of dye.
ig. 8a and b indicates the effect of pH on the degradation efficiency
f BR46 and BY28 dyes by UV/TiO2/IO4

− system in the range of pH
.2–8.0. The degradation of BY28 was not significantly affected by
arying the pH, but the degradation of BR46 was more enhanced
t pH 3.2 than the other pH values. After 10 min treatments, the
egradation yields for BR46 were obtained as 77, 66, 57, 57 and 61%

t pH 3.2, 4.7 (original pH), 6.1, 7.0 and 8.0, respectively (Fig. 8a);
or BY28 dye, 71, 65, 64 and 71% degradation values were obtained
t pH 3.2, 5.2 (original pH), 6.1 and 8.0, respectively (Fig. 8b).

The pseudo-first order kinetic model was also applied to exper-
mental data obtained from different pH values. The apparent
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It is expected that cationic dyes such as BR46 and BY28 could
be adsorbed on negatively charged TiO2 surface in basic medium,
because their negative charge are more pronounced at high pH
values. The higher efficiency of degradation of BY28 than BR46 in
alkaline pH (8.0) could be attributed to weak adsorption or molec-
ig. 9. Effect of initial dye concentrations on degradation efficiency. (a) BR46; (b)
Y28. [Dye]0: (�) 20 mg/L; (�) 40 mg/L; (�) 60 mg/L; (�) 100 mg/L. Experimental
onditions: TiO2: 1 g/L, [IO4

−]0: 3 mM, V: 150 mL, pH = original.

ate constants kapp values were obtained as 0.1421, 0.0818 and
.0881 min−1 for BR46 and 0.1165, 0.0991 and 0.1226 min−1 for
Y28 at pH 3.2, 6.1 and 8.0, respectively.

Hence, the optimum pH value was obtained as pH 3.2 for BR46

nd BY28 according to degradation efficiencies and kapp values. The
ero point charge pH (pHzpc) for anatase TiO2 used in this study
as near pH ≈ 4 [31,32]. Therefore, catalyst surface was positively

harged at acidic medium and negatively at basic medium. Both the

ig. 10. Effect of initial dye concentration on photocatalytic degradation rate con-
tants.
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yes (BR46 and BY28) are cationic it is obviously that their adsorp-
ion on the photocatalyst surface is not possible in acidic medium
ue to repulsive forces between TiO2 surface and dyes. But, it is
ossible to formation of hydroxyl radicals which react with dye
olecules in acidic medium. Therefore degradation efficiencies of

yes were observed in high levels at acidic solution. The decrease
n degradation at higher pH value such as 5.2, 6.1 and 7.0 may be
ecause TiO2 particle surfaces should mainly neutral. This probably
auses agglomerization of TiO2 catalyst.

On the other hand the degradation values for BY28 at pH 3.2 and
.0 were very close as 71% after 10 min treatment. In basic medium,
ydroxyl radicals were also produced on the catalyst surface by the
ollowing reaction [9,24–26]:

iO2 (hVB
+) + OH(ads)

− → •OH (11)
ig. 11. UV–vis spectral changes of two dyes and mixture of these dye solutions with
V/TiO2/IO4

− system at different time intervals of irradiation. (A) [BR46]0: 40 mg/L.
B) [BY28]0: 40 mg/L. (C) mixture of two dyes [BR46]0: 20 mg/L and [BY28]0: 20 mg/L.
xperimental conditions: [IO4

−]0: 3 mM, TiO2: 1 g/L, pH: (original), V: 150 mL.
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lar interaction of the BY28 on the surface of photocatalyst than
R46. Hence dye molecules may be directly oxidized by valence
and holes (hVB

+) on the TiO2 surface by Eq. (5).

ye + TiO2 (hVB
+) → oxidation product (5)

.1.3. Effect of initial dye concentration
The ability of the UV/TiO2/IO4

− system for the degradation of
R46 and BY28 dye for different concentrations was also examined

n the range of 20–100 mg/L with 3 mM IO4
− and showed in Fig. 9a

nd b.
At a concentration of 20 mg/L dye solution, complete degrada-

ions were achieved in 13 and 18 min for BR46 and BY28 dyes,
espectively. The degradation efficiency decreased significantly
hen initial dye concentration increased to about 100 mg/L where

he complete degradations were fulfilled in 70 and 120 min for

R46 and BY28 dyes, respectively. It was reported that the initial
ontaminant concentrations had a noteworthy inhibitory effect on
pparent rate constants [33,34]. At the same time Fig. 10 shows that
he increase of dye concentration from 20 to 100 mg/L decreases
he rate constant from 0.3186 to 0.0484 min−1 for BR46 and 0.2456

a
f
m
r
n

ig. 12. Effects of initial dye concentration on degradation of BR46 and BY28 dye in bin
50 mL.
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o 0.028 min−1 for BY28. It was found that degradation of the red
ye (BR46) was more favorable compared to the yellow dye (BY28)
hich has the same concentration at original pH (Fig. 9a and b).

.2. UV–vis spectra changes

To investigate the effect of irradiation time for the changing of
bsorption spectra of BR46 and BY28 in single and binary solutions
ith UV/TiO2/IO4

− system at different time intervals, dye solutions
ontaining 40 mg/L of BR46 and BY28 dye in single solution and
inary mixture of these dyes containing 20 mg/L of BR46 and BY28

nitial dye concentration were prepared and zero order absorption
pectra were recorded (Fig. 11). The BR46 and BY28 dye contents
fter the irradiation time in single solutions were determined at
29 and 437 nm, while these dye content in binary mixtures were
etermined from the first order derivative spectra by measuring the

bsorbance at 560 nm (1D560) and 380 nm (1D380). As can be seen
rom Fig. 11, with an irradiation time elapsed of 20 min, the maxi-

um absorbance in the visible region of UV–vis spectra decreased
apidly for two dye solutions, which shows that the nitrogen to
itrogen (–N N–) or the carbon to nitrogen (–C N–) double bond

ary systems. Experimental conditions: [IO4
−]0: 3 mM, TiO2: 1 g/L, pH: original, V:
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hich the most active site for oxidative attack in azo dyes reacted
ith strong oxidant (•OH, hVB

+) in this systems (Eqs. (4) and (5))
35].

.3. Degradation of dyes in single and binary solution

In order to investigate degradation of the each dye in binary solu-
ions, the degradation studies were done with UV/TiO2/IO4

− system
y varying the initial concentrations of the studied dyes at origi-
al pH. The degradation plots of these solutions were illustrated in
ig. 12. When these dyes were irradiated in single solutions, it was
ound that degradation of the red dye (BR46) was more favorable
ompared to the yellow dye (BY28) which has the same concentra-
ion (Fig. 10). On the other hand, in binary solutions, BY28 was more
ffectively degraded than BR46 (Fig. 12). The experimental results
howed that BY28 hindered degradation of BR46 in the same solu-
ion (Fig. 12a, b and f). The original pHs of BR46 and BY28 in single
ye solution were approximate 4.5 and 5.2, respectively. On the
ther hand, the pHs of the binary solutions shifted from pH 4.5 to
.0 due to increasing the concentration of BY28. The decrease of
R46 and the increase of BY26 in degradation may be explained
y changing pH values in binary solutions. Because the experiment
howed that degradation of BR46 was not effective at neutral pH
uch as 5.0 and the degradation of BY28 enhanced at acidic pH.

.4. Mineralization of dyes in single and binary solution

Monitoring the total organic carbon content of the aqueous solu-
ion during the experiments of dye solution gave a direct indication

f the level of mineralization achieved. Figs. 13 and 14 show that
OC removal efficiency in the photocatalytic treatment of dye in
ingle and binary solutions at original pH or pH 3.0. It is seen
n Fig. 13a and b that low initial concentration of dye solutions
avored TOC removal. The TOC measurements revealed that the TOC

ig. 13. TOC removal efficiency of dyes in the presence of TiO2. (a) [Dye]0: 40 mg/L,
Mix. of Dyes]0: 20 + 20 mg/L. (b) [Dye]0: 100 mg/L, [Mix. of Dyes]0: 50 + 50 mg/L.
xperimental conditions: [IO4

−]0: 3 mM, TiO2: 1 g/L, pH: original, V: 150 mL.
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ig. 14. TOC removal efficiency of dyes at optimal conditions in the presence of TiO2.
Dye]0: 100 mg/L, [Mix. of Dyes]0: 50 + 50 mg/L. Experimental conditions: [IO4

−]0:
mM, TiO2: 1 g/L, pH: 3.0, V: 150 mL.

emoval efficiency of the initial concentration of 40 mg/L dye solu-
ions rapidly reached to 74 and 80% for BY28 and BR46 after 1 h
rradiation, respectively. When the irradiation time was extended
o 3 h, TOC removal gradually increased for BR46 whereas it did not
hanged for BY28. When the concentrations of dyes were increased
o 100 mg/L, mineralization efficiency decreased to 50–58% and
5–50 after 3 and 5 h with 3 mM IO4

−, respectively (Fig. 13b).
As a result, the solution concentration which affects the pho-

ocatalytic mineralization efficiency is one of main parameters for
he oxidation processes. Hence, when the mineralization efficien-
ies of binary dye solutions are compared with those of single dye
olution, the initial dye concentration of binary solution must be
qual to the total dye concentration of each dye. The value of TOC
emoval efficiency (TOC, RE%) for binary solution may be calculated
heoretically by using TOC removal % of single dye solutions from
he following equation:

OC, RE%[BR46+BY28]binary

= TOC, RE%[BR46]single + TOC, RE%[BY28]single

2
(12)

here TOC, RE%[BR46]single and TOC, RE%[BY28]single are TOC removal
ercent values of single dye solution obtained from TOC measure-
ents.
When the theoretical TOC removal efficiency of 40 mg/L binary

ye solution consisting 20 mg/L BY28 and 20 mg/L BR46 at origi-
al pH was calculated according to Eq. (12), TOC removal efficiency
f binary solution were obtained as 78% and 81% after 1 and 3 h
reatment, respectively. The experimental measurement for TOC
ontent revealed that 83% and 86% of initial TOC content of the
inary solution was removal after 1 and 3 h, respectively (40 mg/L).
hese results displayed that there is a little increasing about min-
ralization of dyes in binary system than single solution for two
yes.

In case of 100 mg/L binary solution consisting 50 mg/L BR46 and
0 mg/L BY28 at original pH, there is not important differences
etween theoretical or experimental values about TOC removal effi-
iency. For example, after 3 and 5 h treatment these values were
alculated 48% and 53% by Eq. (12) whereas they were measured as

0% and 56% (Fig. 13b).

At the end of the study, the photocatalytic degradation of BR46
nd BY28 in single and binary solutions was performed at the opti-
um conditions determined from this study (at pH 3.0 and with

sing 5 mM IO4
−) and obtained results were given in Fig. 14. The
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ercentage of TOC removal efficiency reached 68, 76 and 75% after
h for 100 mg/L BY28, 100 mg/L BR46 and 50 + 50 mg/L mixed solu-

ions, respectively (Fig. 14).

. Conclusion

The photocatalytic degradation of two basic dyes, Basic Red
6 and Basic Yellow 28, was investigated at different degradation
onditions for single and binary dye solutions. It was observed
hat increasing of periodate ion concentration 1–5 mM result-
ng in enhancing degradation. The mineralizations of dyes were
lso found to increase with increasing periodate ion concentration
2–5 mM), but decrease at higher concentration (10 mM) due to
cavenging the hydroxyl radicals generated in UV/TiO2/periodate
ystem. However, the degradation of BY28 was not significantly
ffected by varying the pH range of 3.2–8.0, the degradation of
R46 decreased above pH ∼5.0. Photocatalytic degradation kinet-

cs of the dyes explained in terms of Langmuir–Hinselwood pseudo
rst order rate law. The degradation rate constants of BR46 were
igher than those of BY28 in all experiments in single dye solutions.
he experimental results indicated that degradation and mineral-
zation of BR46 more rapidly occurred than BY28 due to having
ifferent molecule structure, pH and organic carbon content by
V/TiO2/Periodate system, when these dyes were irradiated alone

n aqueous solution. On the other hand, photocatalytic degradation
f binary mixtures of BR46 and BY28 were performed in varying
nitial concentrations, the results demonstrated that degradation
fficiency of BR46 diminished whereas degradation efficiency of
Y28 enhanced because of shifting pH values from 4.5 to 5.0 in
inary solution. TOC measurements at regular interval showed that
here are no considerable differences about mineralization of dyes
etween single and binary solution. In single or binary system the
ineralization yield of dye solution consisting 40 mg/L dye was

btained as above 75% values at also original pH values after only
h treatment. In case of 100 mg/L alone or binary mixtures of BR46
nd BY28 dyes, the mineralization yields reached 68–75% after 3 h
reatment with 5 mM IO4

− and 1 g/L TiO2 at pH 3.0. This study
emonstrated that the UV/TiO2/Periodate system constituted an
ffective process for the treatment of BR46 and BY28, in single
olution or binary mixture.
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