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Abstract

The photocatalytic degradation of C.I. Acid Red 27 (AR27), an anionic monoazo dye of acid class, in aqueous solutions was investigated in a
tubular continuous-flow photoreactor with immobilized TiO, on glass plates. The removal percent is a function of photoreactor length, volumetric
flow rate and light intensity. The removal efficiency increases as the light intensity increases but it decreases when the flow rate is increased. The
AR27 degradation was followed through HPLC, UV-vis and chemical oxygen demand (COD) analyses. The results of these analyses showed that
the final outlet stream from the photoreactor was considerably mineralized. NH,*, NO;~, NO,~ and SO,% ions were analyzed as mineralization
products of nitrogen and sulfur heteroatoms, respectively. Results show that the final concentration of SO4>~ ions and N-containing mineralization
products are less than the final expected stoichiometric values. Based on the results obtained in present and previous studies, a reaction pathway for
the photocatalytic degradation of AR27 is proposed. The kinetic analysis of the decolorization of AR27 in continuous-mode shows a pseudo-first-
order reaction. Results show that a linear relation exists between pseudo-first-order reaction rate constant and reciprocal of volumetric flow rate.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dyes and pigments are important industrial chemicals and
play an important role in the textile industry [1]. The num-
ber of dyes presently used in textile industry is about 10,000.
Among these dyes, azo dyes constitute the largest and the most
important class of commercial dyes [2]. The release of these
dyes into the environment causes severe ecological problems.
The textile wastewaters have strong color and high chemical
oxygen demand (COD). In addition, azo dyes and their derived
products are known to present serious carcinogenic effect [1].
For the treatment of these dyes biological process is ineffective.
Also common treatment processes, e.g. adsorption on activated
carbon, flocculation and electrocoagulation [3] are not efficient
methods because they merely transfer dye from water to solid
and, hence, produce secondary wastes. Therefore, it is necessary
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to develop destructive systems leading to complete mineraliza-
tion of these dyes.

Recent developments in the domain of chemical water treat-
ment gave birth to an improvement of the oxidative and catalytic
degradation of organic compounds dissolved in aqueous media
[4-10]. They are generally referred to as advanced oxidation pro-
cesses (AOPs). The AOPs are able to breakdown many organic
pollutants so that cheaper biological processes can be used as a
second stage to achieve complete mineralization. This domain
is particularly oriented towards application and has a strong
impact on design and construction of new light sources, pho-
tochemical reactors, and the preparation of new photocatalysts
and their supports [11]. Among the AOPs, photocatalysis system
which is a combination of a semiconductor such as TiO;-P25
(Degussa), TiO, (Merck), TiO,-Hombikat UV-100 (Sachtleben
Chemie GmbH), TiO,-PC500 (Millennium Inorganic Chemi-
cals), anatase TiO>-BDH (BDH Corp.), ZnO, ZnS, Fe, O3, CdS,
WO3, ZrO,, SrO;, CeO3, etc., with UV light is a very promising
technique. TiO,-P25 (Degussa) is extensively used as a standard
active component for photocatalytic reactions. It is non-toxic
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and has low price and due to a fast electron transfer to molecular
oxygen, is found to be very efficient for photocatalytic degra-
dation of pollutants [12—14]. It has been well demonstrated that
when TiO; is illuminated by light (A <390nm) electrons are
promoted from the valence band to the conduction band to give
electron—hole pairs. The holes at the TiO, valence band, having
an oxidation potential of +2.6 V versus normal hydrogen elec-
trode (NHE) at pH 7, can oxidize water or hydroxide to produce
hydroxyl radicals. The hydroxyl radical is a powerful oxidizing
agent and attacks to organic compounds, under favorable condi-
tions, the final products being H,O, CO, and inorganic anions
[11].

The development of UV/TiO, process in order to achieve
complete mineralization of organic pollutants has been widely
tested for a large variety of chemicals [11]. Since photocat-
alysts are often applied in the form of suspension or slurry
[4,8,15], from application point of view it is practically diffi-
cult due to problems of separation of the nanoparticles of TiO»
and the recycling of the photocatalyst. In the slurry systems,
the catalyst must be removed with a solid-liquid separation
stage which adds to the overall capital and running costs of
the plant [16]. In order to make the environmental application of
TiO, photocatalysis more practical, immobilization of TiO, on a
certain substrate is required. TiO,-P25 (Degussa) can be immo-
bilized onto a solid substrate such as sand, polymer films and
glass [17-19]. Unfortunately little attention has been diverted to
design continuous-flow photoreactors with immobilized TiO»
on a solid surface [20-23].

In the present work, we described the construction and per-
formance of a continuous-flow photoreactor with immobilized
TiO, on glass plates for decolorization and mineralization of
C.I. Acid Red 27 as a model compound from anionic monoazo
dye of acid class.

2. Experimental
2.1. Materials

AR27, a monoazo anionic dye, was obtained from Boyakh
Saz Company (Iran). Its chemical structure is given in Fig. 1.
Titanium dioxide was Degussa P-25 and it constitutes approxi-
mately 80% anatase and 20% rutile. It had a BET surface area
of 504 15m?g~! and an average particle diameter of 21 nm,
containing 99.5% TiO,.

OH SO;Na
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Fig. 1. Chemical structure of AR27 (C.I. 16185).
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Scheme 1. Schematic diagram of the heat attachment method for immobiliza-
tionof TiO2-P25 on glass plates.

2.2. Immobilization of TiO2-P25 on glass plates

To prepare the immobilized TiO,-P25 on glass plates
(1.5cm x 29 cm) heat attachment method was used [19]. In
this procedure, a suspension containing 4 g1~! TiO,-P25 in dis-
tilled water was prepared. Then, the pH was adjusted to about
3 by HCI (1 M). Prepared suspension was sonicated in an ultra-
sonic bath (T460H, Windaus) under frequency of 30kHz for
30 min in order to improve the dispersion of TiO,-P25 in water.
Glass plates treated with a dilute HF solution and washed in
a solution of NaOH (0.01 M) in order to increase the num-
ber of OH groups and better contact of TiO>-P25 on glass
plates. In this stage, sonicated suspension was poured on 12
glass plates and then placed in an oven at 140 °C. After dry-
ing, the glass plates were fired at 480 °C for 3h and washed
with distilled water for the removal of weakly attached TiO;-
P25 particles. Deposition process was carried out four times
to increase the loaded TiO»-P25 on the surface of the glass
plates (Scheme 1). Fig. 2 shows scanning electron microscope
(SEM) picture of TiO,-P25 which is immobilized on the glass
plates.
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Fig. 2. SEM micrograph of TiO,-P25 immobilized on glass plate.

2.3. Photoreactor

All experiments were carried out in a tubular continuous-flow
photoreactor, which has been shown in Fig. 3. The photoreactor
comprises four quartz tubes (24.4 mm i.d., 26 mm o.d.), which
were serially connected by means of transparent polyethylene
tubes from the top to the bottom. Three glass plates loaded
with TiO,-P25 was inserted in each quartz tubes. The radiation
sources were four low pressure mercury UV lamps (30 W, UV-C,
Amax =254 nm, manufactured by Philips, Holland), which were
placed in front of the quartz tubes. The light sources emit UV
in the 200-300 nm range or that portion of the UV spectrum
called UV-C. Ninety-five percent of the relative intensity occurs
at the mercury discharge line of 254 nm. Changing the distance
between the lamps and the quartz tubes would vary the light
intensity.

2.4. Procedures

For photocatalytic degradation of AR27, a solution contain-
ing known concentration of AR27 was prepared and then 21 of
the prepared solution was transferred into a Pyrex beaker and
agitated with a magnetic stirrer during experiment. For satura-
tion of solution with oxygen, it was continuously purged with O,
through a gas disperser placed at the bottom of the Pyrex beaker
before and during the illumination. The solution was pumped
with a peristaltic pump (Heidolph, PD 5001) through the irra-
diated quartz tubes, and AR27 concentration at the inlet and
outlet was analyzed with a UV-vis spectrophotometer (Ultro-
spec 2000, Biotech Pharmacia, England) at 521 and 254 nm.
The absorbance at 521 nm is due to the color of the dye solu-
tion and it is used to monitor the decolorization of the dye. The
absorbance at 254 nm represents the aromatic content of AR27
and absorbance decrease at 254 nm indicates the degradation of
aromatic part of the dye [24-26]. The degree of decolorization
and degradation as a function of time is given by:

Agp (521 nm) — A (521 nm)
X
Ag (521 nm)

Decolorization (%) = 100 (1)

Ao (254nm) — A (254 nm)
X
Ap (254 nm)

Degradation (%) = 100 2)
where A is the initial absorbance of AR27 and A represents the
absorbance of AR27 at time ¢ for corresponding wavelengths.

The changes in the absorption spectra of AR27 at different
lengths of photoreactor were recorded on a double-beam UV-vis
spectrophotometer (Shimadzu 1700) in the wavelength range
from 190 to 700 nm.

The formation of SO42~, NH4*, N O3~ and NO; ™ ions were
determined by turbidimetric, direct nesslerization and spec-
trophotometric methods, respectively [27]. Chemical oxygen
demand was measured by the dichromate reflux method [28].
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Fig. 3. Schematic diagram of tubular continuous-flow photoreactor. For details, refer to the text.
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Fig. 4. Effect of the flow rate at decolorization (a) and degradation (b) of AR27 in UV/TiO; process at continuous-mode. [AR27]o =30 mgl_l; Ip=58Wm2.

High-performance liquid chromatograms were recorded on
an HPLC (Perkin-Elmer Series 200). A Spheri-5 RP-18 column
with dimension of 220 mm x 4.6 mm and with 5 um particle
size and UV-vis detector with the wavelength set at 254 nm
were used. The mobile phase was a mixture of acetonitrile—water
30/70 (v/v) at a flow rate of 0.9 ml min—".

The light intensity in the center of the photoreactor was mea-
sured by a Lux-UV-IR meter (Leybold Co., GmbH). The SEM
picture of immobilized TiO2-P25 on glass plates was recorded
with SEM Cambridge S360.

3. Results and discussion
3.1. The effect of flow rate

The decolorization and degradation efficiency versus pho-
toreactor length at different flow rates have been summarized
in Fig. 4a and b, respectively. The results indicate that with
decreasing flow rate from 43 to 15 ml min~!, removal efficiency
is increased, so that the complete decolorization and degradation
was obtained at around 230 and 310 cm of photoreactor length,
respectively. This is logical, because with decreasing flow rate
the residence time of the reactant increases in the reactor. Results
in Fig. 4a and b show that the degradation of AR27 aromatic con-
tent is rather slower than decolorization. This can be attributed to
the formation of intermediates, resulting from the photocatalytic
degradation of AR27, which still contains aromatic rings. This
trend was observed by other researchers, such as Mahmoodi et
al. [25] showed the degradation of Direct Red 80 in a TiO; fixed
bed reactor was slower than decolorization of this compound.

3.2. The effect of light intensity

The effect of the light intensity at the decolorization and
degradation of AR27 was shown in Fig. 5. The results show that
the removal percent steadily increases with increasing the light
intensity linearly. The increase in the light intensity from 18.8
to 58.5 W m~2 increases the decolorization from 25 to 42% and
degradation from 13 to 28% for 80 cm of photoreactor length.
The results show that the UV light intensity plays an important
role in degradation of AR27. Previous studies indicated that at

low light intensities, the reaction rate would increase linearly
with increasing light intensity (first order), at intermediate light
intensities the reaction rate would depend on the square root
of the light intensity (half order), and at high light intensities
the reaction rate was independent of the light intensity [29].
These results appear that the UV light intensities employed in
this study lie within the linear range. Decolorization of AR27 in
the absence of UV-light (Ip =0 W m~2) as a result of adsorbtion
of AR27 on TiO; surface in reaction condition was very small
and it can be neglected. This result is in agreement with findings
of Mahmoodi et al. [30] at photocatalytic degradation of C.I.
Acid Red 14 on TiO,.

3.3. Mineralization and final degradation products of AR27

Mineralization of AR27 in this process was studied by COD
loss, changes in HPLC chromatograms and UV-vis spectra and
also SO4%2~, NH4*, NO3~ and NO,~ evolution at different
lengths of photoreactor.

COD values have been related to the total concentration of
organics in the solution and the decrease of COD reflects the
degree of mineralization as a function of photoreactor length.
Fig. 6 shows the decrease of COD versus photoreactor length,
as it appears final COD value in outlet stream of photoreactor
is very low. These results show that outlet stream from photore-
actor is considerably mineralized. The persistence of a constant
level of COD in final stream suggests that the accumulated of
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Fig. 5. Effect of the light intensity at degradation and decolorization of AR27.
[AR27]p =30 mg1~!; flow rate =20 ml min~!; photoreactor length = 80 cm.
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Fig. 6. COD changes vs. photoreactor length. [AR27]p=30mgl~!; flow
rate=10ml min~!; Iy =58Wm2.

dead-end products are resistant to degradation by the UV/TiO,
process.

The evolution of SO4~ ions is presented in Fig. 7 versus pho-
toreactor length. According to the AR27 molecular structure in
Fig. 1, three sulfonic groups attached into two kinds of naph-
thalene rings. Fig. 7 shows the initial amount of SO4°~ ions is
very low for 80 cm of photoreactor length. This result indicates
that SO4%~ ions form after decolorization stage and breakdown
of nitrogen-to-nitrogen double bond (-N=N-) of the azo dye.
It is observed that the concentration of SO4%~ ions continu-
ously increases and reaches a plateau of 7.5mg1~! for 250 cm
of photoreactor length. The concentration of SO42~ ions in outlet
stream of photoreactor is less than the expected value for com-
plete mineralization of the dye. This result shows that almost
48% of SO4>~ ions are adsorbed on the photocatalyst surface
[31].

The evolution of NH4*, NO3;~ and NO; ™~ as N-containing
mineralization products versus photoreactor length are given in
Figs. 8 and 9. The nitrogen mass balance, obtained with con-
sidering NH4*, NO3~ and NO;,~ concentrations, shows that
the concentration of N-containing mineralization products is
3.3 times less than the final expected stoichiometric value. This
could be explained by the formation of N>, therefore almost 70%
of N heteroatoms transforms to N, [32]. As can be seen from
Figs. 8 and 9, the main N-containing mineralization product
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Fig. 7. SO42~ evolution vs. photoreactor length. [AR27]o =30 mg1~!; flow
rate=10ml min~!; Ip=58W m—2.
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Fig. 8. NH4* evolution vs. photoreactor length. For details, refer to Fig. 7.

of photocatalytic degradation of AR27 is NHs*. Figs. 8 and 9
show the initial slope is positive for NH4*, NO3~ and NO,~
with no delay time like with SO4%~, indicating these ions are
initial products, directly resulting from the initial attack on the
nitrogen-to-nitrogen double bond (-N=N-) of the azo dye.

The changes in the UV—-vis absorption spectra of AR27 solu-
tions during the photocatalytic degradation process at different
photoreactor lengths have been shown in Fig. 10. The decrease of
the absorption peak of AR27 at A =521 nm in Fig. 10 indicates a
rapid degradation of the azo dye. The decrease is also meaningful
with respect to the nitrogen-to-nitrogen double bond (-N=N-)
of the azo dye, as the most active site for oxidative attack. As
can be seen from Fig. 10a, in the final outlet stream from pho-
toreactor, absorption spectra in the UV-vis regions were not
disappeared for flow rate of 44 mlmin~!. With decreasing the
flow rate to 15mlmin~! absorption spectrum in the UV-vis
regions for final outlet stream of the photoreactor is considerably
reduced (Fig. 10c). The decrease in the volumetric flow rate from
44 to 15 ml min~! increases decolorization from 77.27 to 100%
and degradation from 57.14 to 95.24%. These results are in good
agreement with HPLC chromatograms (Fig. 11). The analysis
of HPLC chromatograms of the solution at different photoreac-
tor lengths revealed the formation of intermediate products at
the retention time of 1.24 min. In the flow rate of 10 mlmin—!,
intermediates and AR27 peaks for final outlet stream of the pho-
toreactor are considerably reduced (Fig. 11).
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Fig. 9. NO3™ and NO, ™ evolution vs. photoreactor length. For details, refer to
Fig. 7.
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Fig. 10. UV-vis spectral changes of AR27, recorded during the dye degradation at different photoreactor lengths. (1) O cm, (2) 80cm, (3) 160 cm, (4) 231 cm and

(5) 300 cm. [AR27]p=30mg1~!; IH=58 Wm 2.
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Fig. 11. HPLC chromatograms of the AR27, recorded during the dye degrada-
tion at different photoreactor lengths. (1) 0 cm, (2) 80 cm, (3) 160 cm, (4) 231 cm
and (5) 300 cm. [AR27]p =30 mg 171; flow rate= 10 ml min—!; /o =58 Wm™2.

3.4. The mechanism of AR27 degradation

AR27 solution comprises an azo and hydrazone mixture.
AR27 is subjected to intermolecular hydrogen bonding tau-
tomeric interactions between the oxygen of the naphtyl group
and B-hydrogen of the corresponding of azo-linkage. Factors
such as solvent, play a significant role in determining the tau-
tomeric equilibrium. The ratio of the azo form to the hydrazone
form is much higher in organic solvents than in water. The hydra-
zone form is usually more stable in water [33]. Based on the
results obtained in this and previous studies [34,35], a reaction
pathway for the photocatalytic degradation of AR27 is proposed,
as schematically shown in Scheme 2. The positive slope of N-
containing mineralization products and the lack for SO4>~ ions
evolution show that the first step most probably involves cleav-
age of the AR27 molecule at the level of the very active azo
band. The rapid decrease of AR27 absorbance peak at 521 nm
is evident for this trend, also transforming of N heteroatom to
N> and other N-containing products show two different degrada-
tion pathways should be suggested. In first pathway, the reaction
can be initiated by one-electron injection to AR27 hydrazone
form. Oxidative cleavage of produced compound forms an unsta-
ble compound which rapidly produces N,. Further oxidation
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Scheme 2. Degradation mechanism of AR27 from two different pathways.

leads to SO4>~ ions evolution and compounds containing a
naphthalenic ring such as 1,4-naphthalenedione, which these
compounds cleavage eventually to CO». Stylidi et al. [34] have
identified 1,4-naphthalenedione and other compounds contain-
ing a naphthalenic ring during the photocatalytic degradation of
C.I. Acid Orange 7 (a monoazo anionic dye from acid class).
The release of SO42~ ions can be accounted as an initial attack
by hydroxyl radicals according to:

R-SO3™ +°*OH — R-OH + SOs3°*~ 3)

Ring opening
O products
-80%F |oH !
CO,+H,0
O o)
1,4-Naphthalenedione
SO3*~ 4+ OH — SO,%~ +H* )

The hydrogen atom H*® can subsequently react with hydroxyl
radicals [32]:

H* + *OH — H,0 5)

In the second pathway, AR27 might be reduced with injection
of electrons to nitrogen-to-nitrogen double bond (-N=N-) of
the azo form and decolorization occurs. The release of amino
containing intermediates was detected with Bilgi and Demir [35]
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at the photocatalytic degradation of C.I. Reactive Orange 16 (a
monoazo anionic dye from acid class). The nitrogen atoms in the
amino groups can be led to NH4* and NO3 ™~ ions by successive
attacks of hydroxyl radicals [36].

3.5. The kinetic analysis of AR27 decolorization in
continuous-flow photoreactor

The photocatalytic oxidation kinetics of many organic
compounds have often been modeled with the Langmuir—
Hinshelwood equation. This model was developed by Turchi
and Ollis [37] and expressed as Eq. (6):

d[AR27] kL —nKads[AR27]

R = = 6
dt 1 + Kads[AR27] ©

where R is the reaction rate (mgl’1 min—1), kg the reaction
rate constant (mg 17! min—!), K45 the adsorption coefficient of
dye on the TiO5 particles (mg~! 1), and [AR27] the concentration
of dye (mg 171). Al-Ekabi and Serpone [38] have admitted that
the rate should include competitive adsorption by intermediates.
Under these reasonable conditions, Eq. (6) can be written as
follows:

_ dIAR27]  ki_nKas[AR27]

— = 7
dr 1 + Kaas[AR27] + 5 K Cj 7

In this equation Kj and C; are the adsorption equilibrium con-
stant and concentration for intermediates, respectively. Beltran-
Heredia et al. [39] made the following assumption:

Kaas[AR27] + 3~ KiCi = Kaas[AR27]g ®)

In this equation [AR27] is the initial concentration of AR27.
With substituting Eq. (8) in to Eq. (7), we obtain:

d[AR27]  kp—nKads[AR27]

— = = kap| AR27 9
dr 1 + Kaas[AR27] wl ] ©)
which
kL—HKads
kgp = ————— 25 10
71 4 Kaas[AR27] (10)

Eq. (9) shows a pseudo-first-order reaction with respect to the
AR27 concentration. The design equation for a plug-flow reactor
(PFR) is [40]:

—d[AR27] _ —FVAR27

11

dv V0 ( )

with
T o
V= Zdi l— Vglassplate (12)
and
Vglass plate = abl (13)
and
—d[AR27]

TTAR2T = T (14)

%
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Fig. 12. Derivation of kgp for photocatalytic degradation of AR27 in the

continuous-flow photoreactor in UV/TiO, process by linear regression. For
details, refer to Fig. 4.

In the above equations V, vy, di, [, a and b are the photoreactor
volume, volumetric flow rate, inner diameter of quartz tubular
photoreactor, photoreactor length, depth and width of the glass
plates, respectively. With substituting Egs. (12)—(14) into Eq.
(11), we obtain:

— 2 _ —
d[AR27] _ (r/ddf — ab ( d[AR27]) (15)

dl Vo dt

Finally, with substituting of Eq. (9) into Eq. (15), we obtain:

—d[AR27] _ ((/4)d? — ab)kyp

4 " [AR27] (16)

After integration of this equation for initial condition
[AR27]=[AR27]j for /=0cm from photoreactor length, leads
to:

[AR27] _ ((/4)d} — ablkap | _

= —k 1 17
"TAR27], Yo ap (17
which
4)d? — ab)k,
k;p _ (/%) i ab) ap (18)
Vo
0.02
0016k kw=0.2629v" - 0.0005
N R’ =0.9769
g 00128
< o0.008}
0.004F *

0 1 L 1 L . L
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1/Flow rate (mlfl min)

Fig. 13. Relation between k;p with volumetric flow rate. For details, refer to
Fig. 4.
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The semi-logarithmic graphs of the concentration of AR27
at different volumetric flow rates versus photoreactor lengths
yield straight lines indicating pseudo-first-order reaction. The
kép for photocatalytic degradation of AR27 was evaluated from
experimental data (Fig. 12) using a linear regression. As shown
in Fig. 13 a linear relation exists between kélp and 1/vg, which is
also in agreement with Eq. (18). These results indicate that with
decreasing vy, as a result of enhancement of residence time the
kyp values increase.

4. Conclusions

UV/TiO; process with immobilized photocatalyst on glass
plates in continuous-mode can be used for complete degrada-
tion of AR27 as a model compound from monoazo anionic dyes.
Removal efficiency of AR27 in this process increases linearly
with increasing the light intensity. With decreasing flow rate,
final COD was very low, also HPLC chromatograms and UV-vis
absorption peaks mainly disappeared. The formation of NH4*,
NO3™ and NO, ™ ions at the beginning of the reaction and rapid
decrease of absorption peak of AR27 at Amax =521 nm show
that these ions are initial products directly resulting from the
initial attack on the nitrogen-to-nitrogen double bond (-N=N-)
of the azo dye. The formation of SO42~ ions at the beginning of
the reaction is very low, which indicates that S042~ ions form
after decolorization stage. Transforming of N heteroatom to Ny
and other N-containing products show two different degrada-
tion pathways can be suggested for photocatalytic degradation
of AR27. Kinetic analysis shows a pseudo-first-order reaction
respect to AR27 concentration.
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