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ABSTRACT

Decolourization of C.I. Reactive Orange 16 (RO16) via photocatalysis involving TiO,/UV and
TiO,/UV/oxidant systems has been investigated. The experiments were carried out in a stirred
cylindrical batch photoreactor under UV irradiation. The effects of pH, TiO, concentration
and addition of electron acceptors such as H,O,, Na,S,0, and Cu* ions were studied. The deco-
lourization efficiency followed the order of pH 3 >pH 9 > pH 6 in TiO,/UV system. The addition
of Cu* ions to TiO,/UV/oxidant system significantly increased the decolourization efficiency.
The performance of addition of 0.5 mM Cu* ions to TiO,/UV/Na,S,O, system was also evaluated
by using synthetic dye-bath effluent. The results reveal that almost complete decolourization
(99%) was achieved with RO16, while 76% decolourization was obtained with synthetic dye-
bath effluent after 360 min of reaction time. Similar trend was observed with COD measure-
ments. The rate of decolourization of RO16 was found to follow pseudo-first order kinetics and
obeys L-H model. When the suspension of TiO, containing RO16 was exposed to solar irradia-
tion, 90% of decolourization and 64% of COD removal were obtained after 120 min of reaction

time. Degradation products of RO16 were determined by LCMS.
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1. Introduction

Reactive dyes are widely used in textile industry
to dye cotton, wool and polyamide fibers, due to their
properties such as simple application procedure, good
stability during washing and bright colours. It has been
estimated that 50% of reactive dyes are lost in dyeing
processes as a result of a low dye-fiber fixation rate in
comparison with other dyes and existence of unreac-
tive hydrolyzed dye occurred via reaction of dye mol-
ecules with water [1]. Azo dyes, characterized by the
presence of -N=N- azo bond linking aromatic rings,
constitute one of the largest groups of reactive dyes.

*Corresponding author.

The release of them into environment is detrimental
to the aquatic life, resulting receiving water bodies to
become highly coloured and toxic. Apart from being
aesthetically unpleasant, colour in natural water bod-
ies decreases light penetration and photosynthesis [2,3].
Various conventional physical and chemical treatment
technologies have been developed for the removal of
azo dyes from textile effluents so far, but they are found
to be ineffective or involved further treatments [4-6]. In
addition, conventional aerobic biological treatment has
also become difficult in oxidizing them because of their
complicated non-biodegradable structure [7]. Aromatic
amines which are more toxic, mutagenic and carcino-
genic than dye molecules are also formed as interme-
diates in anaerobic conditions by reductive cleavage of
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azo bond [8,9]. Environmental concerns on water pollu-
tion involve considering more effective treatment tech-
nologies to eliminate intense colour from textile effluent,
thus being able to meet the discharge standards.

In recent years, a promising remediation process as
an alternative to conventional methods, the so-called
Advanced Oxidation Processes (AOPs) was developed.
AOPs have the potential to oxidize a wide range of water
soluble organic pollutants via generation of highly reac-
tive and non-selective hydroxyl radicals (OH") as a strong
oxidant with a standard redox potential of 2.8 V. These
processes largely fall into the categories of semiconductor-
assisted photocatalysis [10-18], ozonation [19,20], H,O,/
UV photolysis [21,22] and Fenton and photo-Fenton type
reactions [23-26] and successfully eliminate azo dyes.
Among them, photocatalysis with TiO, has been exten-
sively investigated because of its characteristics such as
non-toxicity, chemically stability, low cost and possibility
of using sunlight.

It is well established that, when TiO, suspension
is irradiated with light energy equal or larger than the
band gap energy, i.e. hv 2 E =3.2 eV, an electron from
the valance band is promoted to conduction band (e_,"),
leaving a hole (h,;") in the valance band. The photogen-
erated e~ and h,,* pair can either recombine or inter-
act with surface species to initiate the subsequent redox
reactions on the TiO, surface. The photogenerated holes
react with OH* and H,O adsorbed or close to the surface
to form OH" radicals or oxidize the organic molecules
directly. Upon reaction of the photogenerated electrons
with O, adsorbed on the surface or dissolved which pre-
vents its recombination with holes, superoxide radical
anion (O,") is formed [27-29]. Sequence of reactions on
the surface of TiO, can be expressed as follows:

TiO, ——TiO, (e¢, + hyy) 1)
TiO, (hi,) + H,0 — TiO, + OH' + H* )
TiO, (hi,)+ OH — TiO, + OH' 3)
TiO,(e,-) + O, = TiO, + O, (4)

In the past three decades, TiO, based photocatalysis
has proven to be effective for degradation or mineraliza-
tion of organic contaminants in polluted water. Photoca-
talysis with TiO, is recognized with its potential either to
mineralize non-biodegradable organic compounds com-
pletely into inorganic substances such as CO, and H,O
or to degrade them to biodegradable products under
mild operating conditions. Thus, it can be applied alone
or in combination with other treatment technologies as

a pre-treatment step. TiO,/UV system has been exten-
sively applied for elimination of dyes from coloured
textile wastewater. Juang et al. [30] studied the photo-
degradation of binary azo dyes in the presence of TiO,
particles under UV irradiation. They reported that pH
had a vital effect on removal of dyes and photodegra-
dation of Acid Orange 7 and Reactive Red 2 in binary
solutions was slower than in single dye solution. Mah-
moodi et al. [31] investigated the photocatalytic degra-
dation of Astrason Blue FGGL and Solophenyl Yellow
FFL dyes by using immobilized TiO, particles and their
results indicated that the photocatalytic decolourization
of these dyes can be simulated by computational fluid
dynamics modelling.

In an attempt to increase the decolourization effi-
ciency of azo dyes, TiO,/UV studies have been moved
to TiO,/UV/oxidant by adding electron acceptors such
as H,0, and 8,0; ions to TiO,/UV system. Yu et al. [32]
studied the decolourization of C.I. Reactive Black 5 in
UV/TiO,, UV/oxidant and UV/TiO,/oxidant systems and
found that decolourization rate constant values followed
the order NalO, > Na,S,0, > NaBrO, > H,0, > absence of
oxidant. Soutsas et al. [33] reported that the decolouriza-
tion and degradation of four reactive dyes by photocata-
lytic processes depend on system parameters such as
pH, TiO, loading, dye concentration and addition and
concentration of H O,. Addition of H,O, at pH = 3 pro-
moted the decolourization of Remazol Red RR.

Although several studies have been conducted for
photo degradation of dyes at different operating condi-
tions, it can be still beneficial to investigate in detail by
considering addition of oxidants. Therefore, the objec-
tive of this study was to investigate the decolourization
of C.I. Reactive Orange 16 (RO16) which is one of the
most used reactive dyes for dyeing of cotton and silk in
Turkey via photocatalysis involving TiO,/UV and TiO,/
UV/oxidant systems. As shown in Fig. 1, it has an azo
group contributing the colour and vinyl sulfone as the
reactive group. After determining the best operating
condition with RO16, we examined the decolourization
of synthetic dye-bath effluent.
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Fig. 1. Structure of C.I. Reactive Orange 16 (A
M, =617.54).
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2. Experimental
2.1. Materials

A commercially available RO16 from DyStar was
used as received and its chemical structure is given
in Fig. 1. A gift sample of TiO,-P25 having an average
particle size of 21 nm and BET specific surface area of
50 m* g*' was obtained from Degussa. It is mostly in
anatase form. NaOH (Sigma) and H,SO, (96% w/w,
Merck) were used for pH adjustment. All chemicals
were of analytical grade and used without further
purification.

2.2. Experimental procedure

The decolourization of RO16 was carried out in a
cylindrical batch photoreactor made up of a pyrexglass.
The top of it was open to the atmosphere and equipped
with a water jacket to maintain the temperature at 20 + 2
°C. The photoreactor was surrounded by 4 UV-A lamps
of 6 W (Topbulb) with a wavelength of 352 nm. The
photoreactor and UV lamps were placed in a chamber
covered by aluminium foil. The reaction mixture was
vigorously stirred by means of magnetic stirrer during
the experiments. The system was bubbled with oxygen
through a glass circular distributor placed at the bottom
of the reactor. The pH of the solution was adjusted by
using either dilute NaOH or H,SO, solutions and mea-
sured by a digital pH-meter (Hanna pH-221). The batch
experiments were performed by using 2 L R016 solution
of appropriate concentrations prepared with distilled
water. After addition of TiO, to dye solution, the suspen-
sion was constantly stirred for 30 min in dark to attain
equilibrium. Then the UV light turned on to initiate the
reaction. Samples of 10 mL taken at regular time inter-
vals were centrifuged at 4000 rpm for 30 min and filtered
through a 0.2 um cellulose acetate membrane filter to
separate TiO, particles.

Solar experiment was performed between 12:00 and
14:00 h on a sunny day in May at Inonu University in
Malatya (38°19'E, 38°21'N), Turkey. The total intensity
reaching the suspension was measured by using a radi-
ometer (Vilber Lourmat VLX-3W) equipped with a sen-
sor operating in 365 nm.

In the case of using synthetic dye-bath effluent, the
solution of RO16 was prepared by dissolving 2 g of
RO16 in 1 L water heated at 80 °C. According to a dye-
bath recipe, a mixture of 20 mL RO16 solution, 0.5 g L
enzyme, 0.5 g L™ sequestering agent, 28 mL 30% w/w
NaCl solution, 10 mL 20% w/w NaCO, solution and 34
mL water was prepared for cotton dyeing. After dyeing
process, the obtained effluent was used as a synthetic
dye-bath effluent in photocatalytic experiment.

In an attempt to identify the degradation products
of RO16, LCMS analyses were conducted by means of

Agilent 1100 LCMS using a capillary column of ACE 5
C18(4.6 um x 250 mm) after 2 h of degradation.

2.3. Analysis

The decolourization of RO16 was evaluated by mon-
itoring the dye concentration at maximum wavelength
of 493 nm by means of Shimadzu UV-1700 Pharmaspec
UV-Visible Spectrophotometer. The decolourization
efficiency (1) of the samples was calculated from the
equation given below

C
%) = —2
n(%) C

%100 5)

0

where C; and C are the initial and treated dye concentra-
tions, respectively.

COD of the samples was determined with com-
mercially available test kits (Matriks) by oxidation of
samples with K CrO, in H,SO, and heating for 2 h at
421 K in a COD reactor (Lovibond ET 108). Then, COD
measurements were conducted by using a photometer
(Lovibond PC Multidirect). Per cent COD removal of the
samples were calculated from the equation given below:

oD, -COD

COD(%) ==

100 (6)

0

where COD_: COD att=0
COD: COD att=t.

3. Results and discussion
3.1. Effect of pH

pH of suspension is an important parameter on pho-
tocatalytic degradation of dyes since it determines the
surface charge of TiO, as well as the adsorption behav-
iour of the dyes. The point of zero charge of TiO, is at
pH 6.8, therefore below this pH the surface is positively
charged and above that it is opposite [7,34]. The effect
of different pH levels on the decolourization of RO16
is presented in Fig. 2. RO16 has two sulfonate groups
(SO,) having negative charges in an aqueous solution in
its chemical structure. Hence, in acidic media, electro-
static interactions between TiO, surface and dye anions
favour the adsorption which results in high decolouriza-
tion efficiency. In alkaline media, both TiO, surface and
RO16 are negatively charged. Consequently, a weak
adsorption onto the TiO, surface due to Coulombic
repulsion between negatively charged TiO, surface and
RO16 molecules leads to a decrease in decolourization
efficiency. The effect of pH on decolourization efficiency
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Fig. 2. Effect of pH on decolourization efficiency of ROI16.
[TiO,] =2 g L7, [RO16] =8.096 x 102 mM

was investigated in a range of 3-9. As shown in Fig. 2,
at pH = 3 surface adsorption is more effective (11%) than
that of at pH values of 6 and 9 for the above-mentioned
reasons. Besides as expected, the highest degree of dec-
olourization efficiency (61%) was obtained at pH = 3.
Alkaline medium gave relatively better decolourization
than pH = 6 medium. In spite of a Coulombic repulsion
between negatively charged TiO, surface and hydroxide
ions, this can be attributed to that in alkaline medium
OH" radicals could be generated easily due to the pres-
ence of more available hydroxide ions [35]. Therefore,
decolourization efficiency followed the order of pH 3 >
pH9>pH 6.

3.2. Effect of TiO, concentration

The effect of TiO, concentration on the course of
decolourization of RO16 was investigated in the range
of 0.25-2 g L' with 8.096 x 102 mM RO16 concentra-
tion at suspension pH = 3 under UV irradiation. In the
present study, 11% of RO16 adsorbed on TiO, surface
after 30 min of equilibration time at the highest loading
of catalyst (i.e. 2 g L™"). As can be deduced from Fig. 3,
decolourization efficiency seems to increase with increas-
ing TiO, loading in the range studied. An appreciable
decolourization was not observed in the absence of TiO,

104
2o
— T =0 g
o~ B0 1 =@ 025 gL
F ——={TOI)=0 5 g
=40 4 =TT 15
== T2 e 2 it
20
a
-3 o "} ) a0 120

timink

Fig. 3. Effect of TiO, concentration on decolourization effi-
ciency of RO16. pH = 3, [RO16] = 8.096 x 102 mM.

(i.e. direct photolysis) and loading of 2 g L™ TiO, yielded
61% decolourization efficiency after 1220 minreaction time.
This is because availability of active sites on TiO, surface
is increased with increase in catalyst concentration. It
should be pointed out that, the amount of TiO, affects
both a number of active sites on TiO, and the penetra-
tion of UV light through the suspension. As the amount
of TiO, increases, a number of active sites increases, but
the penetration of UV light into the suspension decreases
due to shielding effect. Besides, particle agglomeration
can occur at high catalyst concentration, decreasing sur-
face area for light absorption and dye adsorption [7].

3.3. Effect of added electron acceptors

Electron acceptors promote the decolourization
efficiency of dyes by inhibiting the recombination of
photogenerated electron-hole pairs in the reaction
[10]. Besides, avoiding recombination, they have some
other effects such as generating more radicals and oxi-
dizing species, increasing oxidation of intermediates
and hindering deficiency occurred in the case of low
O, concentration [36]. In this study, the effect of addi-
tion of electron acceptors such as H,0, and S,0; ions
for decolourization of RO16 under UV radiation was
investigated.

Fig. 4 represents the effect of addition of 15 mM H,0,
as a function of pH of suspension. In acidic and neutral
media, decolourization efficiency of RO16 was increased
from 61% to 64% and from 18% to 35%, respectively,
by adding H,O, which traps photogenerated electrons
through the following equation:

H,0,+¢ — OH +OH' @)

Also, since HZO2 is a powerful oxidant, it produces two
OH, under UV irradiation.

H,0, +hv — OH’ + OH" (8)
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Fig. 4. Effect of H,O, as a fuction of pH on decolourization
efficiency of RO16. [TiO,] =2 g L, [RO16] = 8.096 x 10> mM.
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Accordingly, decolourization efficiency of RO16 was
enhanced in the presence of H,O, at acidic and neutral
conditions. However, no observable decolourization of
dye was obtained under alkaline conditions in which
H,0, decomposes to oxygen and water rather than form-
ing OH (Eq. (9)) [37]

2H,0, +/w —2H,0+0, 9)

As can be seen from Fig. 5, persulphate ions did not
accelerate the decolourization but the addition of 0.5
mM Cu* ions to TiO,/UV/Na,S,0, system improved the
decolourization efficiency from 62% to 96% after 120
min of reaction time. The enhanced decolourization can
be attributed to the production of additional sulfate rad-
icals which is described by Egs. (10)-(13) [17].

Cu' +5,0> — CuS,0; (10)
CuS,0, — Cu® +SO> + S0, (11)
Cu* + 50, — Cu* +SO,> (12)
Cu* + 5,02 — Cu* + SO + 50, (13)

Similarly, addition of Cu* ions to TiO,/UV/H,O, system
significantly increased the decolourization efficiency
from 64% to 88% at reaction time of 120 min according
to following equation [17]:

Cu" +H,0, —» Cu*" +OH" +OH " (14)

This can be explained that Cu* ions oxidized by H,O, to
Cu* yielding additional OH".

The performance of addition of 0.5 mM Cu" ions to
TiO,/UV/Na,S,O, system was also evaluated by using
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Fig. 5. Effect of oxidants on decolarization efficiency of RO16
at pH =3, [TiO,]= 2 g L, [RO16] = 8.096 x 102 mM.

synthetic dye-bath effluent. Fig. 6 shows that almost com-
plete decolourization (99%) was achieved with RO16,
while 76% decolourization was obtained with synthetic
dye-bath effluent after 360 min of reaction time. Similar
trend was observed with COD measurements, indicating
the evaluation of oxidative mineralization of the process.
As can be seen in Table 1, 77% and 57% of COD removal
levels were reached for RO16 and synthetic dye-bath
effluent at the end of 360 min, respectively. Since auxiliary
chemicals are used in dyeing process, synthetic dye-bath
effluent contains a considerable amount of ions such as
CO, and CI" which lowers the photocatalytic activity by
scavenging OH: radicals [38]. Therefore, as expected both
decolourization and COD removal values of synthetic dye-
bath effluent were lower than those of RO16. Comparing
COD removal levels to decolourization, mineralization
was found lower than decolourization, indicating that a
residual amount of organic load, composed of oxidation
by-products, is remained in the treated suspension. From
the point of view of achieving complete mineralization, it
is important to have a longer irradiation time.

3.4. RO16 decolourization kinetics

In the literature it is reported elsewhere that the
photocatalytic decolourization of dyes in aqueous sus-
pension of TiO, obeys a Langmuir-Hinshelwood (L-H)
kinetic model (Eq. (15)) [13,38]

100 5
80
Lt ® dye solution
Orynthetic dye-bath efluent
40 -
20 4
o <

W) mD{“-}

Fig. 6. Decolourization and degradation of synthetic dye-
bath effluent. pH = 3, [TiO,]=2 g L™, [RO16] = 8.096 x 10> mM,

5,0 |=0.5 mM, [Cu'] =0.5 mM, £ = 360 min.

Table 1
COD removal values of synthetic dye-bath effluent and dye
solution of RO16

COD (mg/L) Initial Final Removal
(t=0) (t=360 min) (%)

Synthetic dye-bath 3360 1444 57

effluent

Dye solution of RO16 84 19 77
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y—_4C_ kKC (15)
dt  1+KC

where r is the decolourization rate of RO16 (mmol L
min™), C is concentration of RO16 at time ¢, k_reaction
rate constant (mmol L min™) and K is the adsorption
coefficient of the RO16 onto TiO, surface (L mmol™). This
model describes that the decolourization rate of RO16 is
proportional to the fraction of surface coverage of TiO,
by dye molecules. It is assumed that dye molecules are
strongly adsorbed onto TiO, surface rather than inter-
mediates which may interfere by competitive adsorp-
tion. In order to minimize this effect, the calculations
were made by taken the initial concentrations of RO16.
Accordingly, in Eq. (15) the term r can be expressed in
terms of 7, as

. kKC, )
" 14+KC,

11 1

=

n k  kKC, 17)

where 7 is the initial decolourization rate of RO16 and
C, is the initial concentration of RO16. Since the initial
dye concentration is low enough (up to 3.238 x 10> mM
in this study), it is assumed that decolourization rate fol-
lows pseudo-first order kinetics and the rate equation is
given below by Eq. (18)

In

C
Eol =k Kt = kappt (18)

To perform L-H kinetics, the decolourization of RO16
was studied over the C, range of 8.096 x 10°-3.238 x 10~
mM. Fig. 7 shows linear plots of In(C /C) versus t with
a slope of k. As can be depicted from data presented
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Fig. 7. Kinetics of decolourization of RO16 for different initial
concentrations. pH =3, [TiO,] =2 g L™

in Table 2, a good linearity of In(C/C) versus t plot was
obtained, yielding k  values ranged from 0.018 to 0.010
min. A plot of 1/r, versus the 1/C, (Fig. 8) gives a straight
line from which kr and K values were found as 5.862 x
10 mmol L™ min™ and 41.22 L mmol™, respectively by
the method of least squares (r* = 0.996). The linear plot of
1/r, versus C, indicates that the photocatalytic decolour-
ization of RO16 obeys L-H model.

3.5. Solar application of TiO, process

Solar energy, which is an abundant natural energy,
can be used as an alternative irradiation source in degra-
dation of azo dyes by TiO, photocatalysis (A < 380 nm),
having the possibility of using the solar energy [39]. It
is worth to note from Fig. 9 that when the suspension
of TiO, containing RO16 was exposed to solar irra-
diation with mean incident sunlight intensity 1.81 mW
cm?, 90% of decolourization and 64% of COD removal
were obtained after 120 min of reaction time. However,
UV lamp with a mean intensity value of 0.233 mW cm™
yielded 84% of decolourization efficiency and 77% of
COD removal under similar experimental conditions.
As can be expected, colour is easily removed than COD
which requires longer time. The results reveal that solar
driven TiO, photocatalysis process can be efficiently
employed for the decolourization of RO16. The varia-
tion of decolourization efficiency with UV lamp power

Table 2
Pseudo-first order kinetic parameter.
C, (mM) Equation R? K, (min~ 1)
8.096 x 103 y=0.018x + 0.579 0.997 0.018
1.619 x 1072 y=0.015x + 0.486 0.991 0.015
2.428 x 107 y=0.012x + 0.366 0.996 0.012
3.238 x 1072 y=0.010x + 0.306 0.996 0.010
000 4
=41 %8s+ 1708

= R =059

T 60001

£

E

3 w0
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E
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Fig. 8. Variation of reciprocal of initial rate of decolouriza-
tion of RO16 with reciprocal of initial concentrations. pH =
3,[TiO]=2 g L.
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Fig. 9. Effect of solar irradiation on decolourization efficiency
and COD removal of RO16. pH = 3, [TiO,] =2 g L™, [RO16] =
8.096 x 102 mM.

was given in inserted graph in Fig. 9. Increasing UV
lamp power from 24 W to 68 W considerably promoted
decolourization from 61% to 84%, respectively, due to
increased number of photons. In the absence of light TiO,
powder alone could not promote the decolourization.

3.6. Degradation products

Table 3 reveals the degradation products of RO16
determined by LCMS. The degradation process of RO16

Table 3
Degradation products of ROl6. pH = 3, [TiO]= 2 g L,
[RO16] = 8.096 x 10~ mM, {Szoﬂ = 0.5mM, [Cu'] = 0.5 mM.

mfz Compound name Chemical structure
118 Succinic acid -IZI
- oM
. IH
|
162 Phthalimide IJLI
| T
i '"
o
170 Methyl-naphthalen- HC=N=H.
2-yl-diazene R
176 4-Oxo-4-phenyl-but- 0 =
enoic acid t— 4 H
HC, —
CH=-COOH
229 N-(7-dizenyl-8-hydroxy- H-H=H
napthalen-2-yl) acetamide {._f'—-.:;.
H"_"/ x:={.-'
HyC =G HCy

L

was initiated by OH* attack to the carbon atom bear-
ing azo-bond chromophore to provide the cleavage of
C-N bond which results the formation of compounds
containing a naphthalenic ring such as N-(7-dizenyl-8-
hydroxy-napthalen-2-yl) acetamide and methyl-naph-
thalen-2-yl-diazene. These products could undergo
oxidation to phthalimide. 4-Oxo-4-phenyl-but-enoic
acid and succinic acid are expected to form by further
degradation of phthalimide and the remaining part
of dye molecule. In the absence of intermediate stan-
dards, this is the probable pathway of degradation of
RO16 under examined condition. Bilgi and Demir [40]
detected the degradation products of RO16 via UV pho-
tooxidation by GC/MS and proposed that the first step
of degradation is cleavage of azo bond of molecule and
naphthalene ring and aromatic and aliphatic acids are
formed by successive oxidation of degradation prod-
ucts. Chen [41] identified acetamide as a final product of
mineralization of RO16 by GC/MS.

4. Conclusions

In this study, decolourization of C.I. Reactive Orange
16 (RO16) via photocatalysis involving TiO,/UV and
TiOZ/UV/oxidant systems has been investigated. The
optimal pH and catalyst concentration values were
found to be 3 and 2 g L7, respectively for TiO,/UV
system. The addition of Cu* ions to TiO,/UV/oxidant
system significantly increased the decolourization effi-
ciency. The experimental results reveal that RO16 can
be successfully decolourized by TiO,/UV/Na,S,0O,/Cu*
system under irradiation by UV light. The rate of deco-
lourization of RO16 was found to follow pseudo-first
order kinetics and obeys L-H model. The applicability
of solar light was evaluated and found that solar driven
TiO, photocatalysis is significantly efficient for the dec-
olourization of RO16. Degradation products of RO16
determined by LCMS were found as N-(7-dizenyl-8-hy-
droxy-napthalen-2-yl) acetamide, methyl-naphthalen-2-
yl-diazene, phthalimide, 4-oxo-4-phenyl-but-enoic acid
and succinic acid.
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