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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
with immobilized ZnO catalyst on glass plates in a continuous-mode. In the slurry ZnO system the separation and recycling of the photocatalyst
is practically difficult. Thus, ZnO was immobilized on solid supports to solve this problem. The removal percent increases with increasing the
photoreactor volume and light intensity but it decreases when the flow rate is increased. With decreasing flow rate from 43 to 15 mlmin~!, the
complete decolorization and degradation was obtained at around 748 and 1080 cm® from photoreactor volume. The increase in the light intensity
from 21.4 to 58.5 W m~2 increases the decolorization from 23 to 57.6% and degradation from 17.5 to 37.8% for 374 cm? of photoreactor volume.
NH,4*, NO3;~, NO,~ and SO,>~ ions were analyzed as mineralization products of nitrogen and sulfur heteroatoms. Results showed that final
concentration of SO~ ions and N-containing mineralization products were less than the finally expected stoichiometric values. The positive
slope of production of NH,*, NO3;~ and NO,~ shows that these compounds are initial products resulting directly from the initial attack on the

nitrogen-to-nitrogen double bond (-N=N-) of the azo dye.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dyes and pigments are used in many industries such as tex-
tile, leather, paper, pharmaceutical, paint, cosmetics, etc. Azo
dyes constitute a major part of all commercial dyes [1]. Azo
dyes and their derived products are known to present serious
carcinogenic effect [2]. It is estimated that about 10% of the dye
is lost during dyeing processes and released into wastewater [3].
The disposal of these colored wastewaters poses a major prob-
lem for the industry as well as a threat to the environment. The
increased public concern about these compounds and the strin-
gent international environmental standards (ISO 14001) have
promoted the need to develop novel treatment methods for con-
verting these organic dyes to harmless compounds [4]. C.I. Acid
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Red 27 (AR27) was used as a food dye, textile dye for wool and
silk as well as in photography [5]. However, in 1970, Russian
studies [6] showed that AR27 was carcinogen.

Advanced oxidation processes (AOPs) are attractive alterna-
tives to non-destructive physical water treatment processes, such
as adsorption on activated carbon, flocculation and electrocoag-
ulation, air stripping or desorption and membrane processes. The
last techniques merely transport contaminants from one phase to
another causing secondary pollution and requiring further treat-
ment, whereas the former are able to mineralize aqueous organic
contaminants [7]. From chemical, economical and ecotoxicolog-
ical point of view, the ideal process must be able to destroy any
organic pollutant to non-toxic and ubiquitous substances by its
total oxidation. Under suitable operating conditions final prod-
ucts in AOPs are CO;, H,O and low molecular weight aliphatic
acids [8]. Among the AOPs, combination of a semiconductor
such as metal oxides (TiO,, ZnO and Fe;03) and metal sulfides
(CdS and ZnS) as photocatalysts with UV light can be used for
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degradation of a wide range of organic contaminants [8—10].
The biggest advantage of ZnO in comparison with TiO; is that,
it absorbs over a larger fraction of UV spectrum and the cor-
responding threshold of ZnO is 425 nm [10]. The prototype of
a heterogenous photocatalytic reaction is based on the irradi-
ation of particles of the semiconductor (ZnO) in the presence
of dissolved molecular oxygen. The generally accepted mecha-
nism of heterogenous photocatalysis includes redox reactions of
adsorbed water, hydroxyl anions and oxygen molecules or other
substances [11]. Upon irradiation, valence band electrons (e™)
are promoted to the conduction band leaving a hole (h*) behind
(Eq. (1)). These electron—hole pairs can either recombine (Eq.
(2)) or interact separately with other molecules. The holes at
the ZnO valence band can oxidize adsorbed water or hydroxide
ions to produce hydroxyl radicals (Egs. (3) and (4)). Electron in
the conduction band on the catalyst surface can reduce molec-
ular oxygen to superoxide anion (O2°~) (Eq. (5)). This radical
may form organic peroxides (AR27-OQ0¢®) or hydrogen perox-
ide in the presence of organic scavengers (Egs. (6) and (7)). The
hydroxyl radical is a powerful oxidizing agent and attacks to
organic compounds and intermediates (Int.) are formed. These
intermediates react with hydroxyl radicals to produce final prod-
ucts (P) (Eq. (8)) [9-11]:

ZnO + hv— e~ +h* 60
e~ +h" — heat 2)
h* +HyOu45 = *OHygs +HT (3)
h" + OHags~ — *OHags “4)
e +0— 0 5)
0,*” +HO,* + H" — H,0,+ 0, 6)
0,°" + AR27 — AR27-00° ©)
*OH,4s + AR27 — Int. — P (8)

Since photocatalysts are often applied as suspension [8-10],
hence, the separation of photocatalyst particles from its aqueous
suspensions represents a serious problem for practical engineer-
ing [12]. Therefore, a key technique for simple applications
seems to be the preparation of immobilized photocatalyst coat-
ings on different substances without loss of photocatalytic activ-
ity [13,14]. Unfortunately little attention has been diverted to
design continuous-flow photoreactors with immobilized pho-
tocatalyst on a solid surface [15-17]. Many techniques have
been used for deposition of ZnO such as thermal physical vapor
deposition [ 18], pulsed laser deposition [19], sputtering [20] and
thermal oxidation [21].

In the present work we have described the construction and
performance of a continuous-flow photoreactor with immobi-
lized ZnO catalyst by heat attachment method on glass plates
for decolorization and mineralization of AR27 as a model com-
pound from anionic monoazo dye of acid class.

Table 1
Structure and characteristics of C.I. Acid Red 27 (AR27)

Structure

SONa

Other names Amaranth, Azorubin S, FD&C Red 2, Food Red 9

C.I. number 16185
Amax (nm) 521
My (gmol ™) 604.48

2. Experimental
2.1. Materials

AR27, a monoazo anionic dye, was obtained from Boyakh
Saz Company (Iran). Its chemical structure and other charac-
teristics are listed in Table 1. ZnO was purchased from Merck
(Germany).

Zn0O (4 g)

l«—— 1 L distilled water

Y
ZnO (4 g 1™

Sonication (30 kHz) for 90 min

Pour suspension on 12 glass
plates (1.5 x 29 cm?)

Drying at 120 °¢

¥
Firing at 540 °c for 3 h

<€<— Washing with distilled water

ZnO supported on glass plates

Scheme 1. Schematic diagram of the heat attachment method for immobilization
of ZnO on glass plates.
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2.2. Immobilization of ZnO on glass plates

To prepare the immobilized ZnO on glass plates
(1.5 cm x 29 cm) heat attachment method was used [13]. In this
procedure, a suspension containing 4 g1~! ZnO in distilled water
was prepared. Prepared suspension was sonicated in an ultra-
sonic bath (T460H, Windaus) under 30 kHz frequency for 90 min
in order to improve the dispersion of ZnO 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 number of OH groups
and better contact of ZnO on glass plates. In this stage, soni-
cated suspension was poured on 12 glass plates and then placed
in an oven at 120 °C. After drying, the glass plates were fired at
540 °C for 3 h. The glass plates were washed with distilled water
for removing loosely attached ZnO particles (Scheme 1). The
adhesion measurement and the amount of released ZnO can be
detected from ZnO absorption band in UV range (387 nm) [12].
Double distilled water was pumped to photoreactor at the same
conditions as decolorization experiments and the absorbance of
the effluent water was measured at 378 nm to determine whether
any ZnO was present. The results showed that ZnO particles had
been attached strongly to glass plate surface. Fig. 1 shows scan-
ning electron microscope (SEM) image of ZnO immobilized
on glass plates. The loading of immobilized photocatalyst was

measured to be 3.88 mgcm™2.

2.3. Photoreactor

All experiments were carried out in a tubular continuous-
flow photoreactor. Schematic diagram which has been shown in
Fig. 2. The photoreactor comprises four quartz tubes (24.4 mm
i.d,, 26 mm o.d.), which were serially connected by means
of transparent rubber tubes from the top to the bottom. The
length of the photoreactor was 300 cm. Three ZnO loaded glass
plates were inserted in each of quartz tubes. The radiation
sources were four low pressure mercury UV lamps (30 W, UV-
C, Amax =254 nm, 26 mm o.d., length = 90 cm, manufactured by
Philips, Holland), which were placed in front of the quartz tubes.

Fig. 1. SEM micrograph of immobilized ZnO on glass plate.

The variation of distance between the lamps and the quartz tubes
caused the change of 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 through the irradiated quartz tubes, and
AR27 concentration at the inlet and outlet was analyzed with a
UV-vis spectrophotometer (Ultrospec 2000, Biotech Pharma-
cia, England) at 521 and 254 nm. The absorbance at 521 nm is
due to the color of the dye solution and it is used to monitor
the decolorization of the dye. The absorbance at 254 nm repre-
sents the aromatic content of AR27 and absorbance decrease at
254 nmindicates the degradation of aromatic part of the dye [22].

30W UV-C lamp

D.O. meter

Oxygen
cylinder

& Thermometer Tubuler qf

photoread}

AR27 Peristaltic
DI
X

Ox ygen stirrer
cylinder

Fig. 2. Schematic diagram of tubular continuous-flow photoreactor. For details refer to text.
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Fig. 3. Effect of the flow rate at degradation (a) and decolorization (b) of AR27 in UV/ZnO process at continuous-mode. [AR27]p =30 mg 1=! and Ip=58 Wm~2.

The degree of mineralization of AR27 in this system was mon-
itored through UV—vis and COD analyses. The changes in the
absorption spectra of AR27 at different volumes of photoreac-
tor 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* and N in the forms of NO3~
and NO, ™ ions were determined by turbidimetric, direct ness-
lerization and spectrophotometric methods, respectively [23].
Chemical oxygen demand (COD) was measured by the dichro-
mate reflux method [24].

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

3. Results and discussion
3.1. Effect of the flow rate

The degradation and decolorization efficiency versus pho-
toreactor volume at different flow rates have been summarized
in Fig. 3a and b, respectively. The results indicate that with
decreasing flow rate from 43 to 15 ml min~!, removal efficiency
increases, so that the complete decolorization and degradation
were obtained at around 748 and 1080 cm?® of photoreactor vol-
ume, respectively. This result is logical, because with decreasing
flow rate the residence time of the reactant increases in the reac-
tor.

3.2. Effect of the light intensity

The effect of the light intensity on the decolorization and
degradation of AR27 was shown in Fig. 4. The results show that
the removal percent steadily increased with increasing the light
intensity linearly. The increase in the light intensity from 21.4 to
58.5 W m~2 increases the decolorization from 23 to 57.6% and
degradation from 17.5 to 37.8% for 374 cm? of photoreactor vol-
ume. Previous studies indicated that at low light intensities, the
reaction rate would increase linearly with increasing light inten-
sity (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 inde-
pendent of the light intensity [25]. The transition points between
these regimes will vary with pollutant and photocatalyst species.
The linear relation indicates that saturation of the catalyst by the
incident photons was not reached and electron—hole pairs are
consumed more rapidly by chemical reactions than by recom-
bination, therefore the rate of formation of the electron—hole
pairs is directly proportional to the light intensity [9]. This result
reveals that the UV light intensities tested in this study lie within
the linear range.

3.3. Mineralization and final products of degradation of
AR27

Mineralization of AR27 in this process was studied by COD
loss, changes in UV—vis spectra and also SO42_, NH4*, NO3~
and NO; ™ evolution at different volumes of photoreactor.

3.3.1. Extent of COD removal

The changes in UV absorbance cannot reflect the extent of
degradation and mineralization of AR27. COD values have
been related to the total concentration of organics in the solution

| @ Decolorization

0O Degradation

Removal percent

214 303 40.7 58.5
Light intensity (W m_z)

Fig. 4. Effect of the light intensity on degradation and decolorization of AR27.
[AR27]p =30 mg 1! and residence time = 19 min.
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Fig. 5. COD changes vs. residence time. [AR27]p=30mgl~! and

Ip=58Wm2.

and the decrease of COD reflects the degree of mineralization
as a function of residence time. The result of COD removal
as a function of residence time is shown in Fig. 5. It is worth
mentioning that 90% mineralization could be achieved in
72min residence time which shows immobilized ZnO on
the surface of glass plates is photocatalytically active and
suitable for mineralization of an organic dye such as AR27 in a
continuous-mode.

3.3.2. Evaluation of final mineralization products

The formation of SO42~ ions versus residence time is pre-
sented in Fig. 6. According to the AR27 molecular structure in
Table 1, the three sulfonic groups attached to two kinds of naph-
thalene rings. Fig. 6 shows the initial amount of SO42~ ions is
very low for 25 min residence time. This result indicates that
S04~ ions are formed after decolorization stage and break-
down of nitrogen-to-nitrogen double bond (-N=N-) of the azo
dye. The concentration of SO42~ ions in outlet stream from
photoreactor was less than the expected value for complete min-

so4” (mg [I)

0 — ! 1 ! ]
0 20 40 60 80 100

Residence time (min)

Fig. 6. S04~ formation vs. residence time. [ARZ7]0=30mgl_l and
Ip=58Wm™2.
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Fig. 7. NH4* formation vs. residence time. For details refer to Fig. 6.

eralization of dye. This result can be concluded for the following
reasons:

e alittle amount of SO4%~ ions is adsorbed on the photocatalyst
surface [26];

e formation of sulfur dioxide [26,27];

e a little amount of S heteroatom can be attached to
intermediate-SO3 ™.

The formation of NH4*, NO3~ and NO, ™ as N-containing
mineralization products versus residence time are given in
Figs. 7 and 8, respectively. The nitrogen mass balance, obtained
with considering NH4*, NO3~ and NO, ~ concentrations, shows
that the concentration of N-containing mineralization products
is less than the final expected stoichiometric value. This could
be explained by the formation of N> [28]. Figs. 7 and 8 show the
initial slope is positive for NH4*, NO3~ and NO, ~, indicating
these ions are initial products, resulting directly from the initial
attack on the nitrogen-to-nitrogen double bond (-N=N-) of the
azo dye.

3.3.3. UV—-vis absorption spectra
The changes in the UV-vis absorption spectra of AR27

solutions during the photocatalytic degradation run at differ-
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Fig. 8. NO3~ and NO, ™~ formation vs. residence time. For details refer to Fig. 6.
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Fig. 9. UV-vis spectral changes of AR27, recorded during the dye degradation at different photoreactor volumes. (1) 0, (2) 374, (3) 748, (4) 1080 and (5) 1403 cmd.

[AR27]g=30mg1~! and Ip =58 Wm 2.

ent photoreactor volumes and volumetric flow rates have been
shown in Fig. 9. The decrease of the absorption peak of AR27 at
A =521 nmin Fig. 9 indicated 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. 9a, in the final
outlet stream of photoreactor, absorption spectra in the UV—-vis
regions did not disappear for flow rate of 44 mlmin~!. With
decreasing the flow rate to 20 ml min~!, absorption spectrum in
the UV-vis regions for final outlet stream of the photoreactor is
reduced considerably (Fig. 9c¢).

4. Conclusions

UV/ZnO 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 was very sensitive
to photoreactor volume, volumetric flow rate and light intensity.
The formation of NH4*, NO3~ and NO, ~ ions at the beginning
of the reaction and rapid decrease of absorption peaks of AR27
at A =521 nm show that these ions were initial products result-
ing directly from the initial attack to the nitrogen-to-nitrogen
double bond (-N=N-) of the azo dye. The formation of S042~
ions at the beginning of the reaction was very low, which
indicates that SO42~ ions were formed after decolorization
stage.
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