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ABSTRACT

The use of azo dyes must be controlled and the sewage must be properly treated before
being released into the environment. Thus, it is crucial to develop processes that can destroy
these azo dyes completely. It has been reported that a methyl orange (MO) aqueous solution
can be effectively decolorized in KIO; homogeneous system under UV light irradiation. In
this study, the kinetics and effects of KIO,, H;O,, K;5,0g, and KBrO; on the decolorization
of MO with KIO; under UV light irradiation were investigated in detail. The results show
the decolorization reaction is a zero-order reaction when the concentration of MO is above
25mg/L. 10, 5,027, BrOj, and H;O, can greatly inhibit the photocatalytic decolorization
reaction of MO. Several observations indicate the photocatalytic decolorization of MO with
KIO; under UV irradiation occurs by ‘O, attack only. A more detailed mechanism of KIO;
photocatalysis will be further investigated in the near future.
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1. Introduction

Azo dyes are widely used synthetic colored
organic compounds that contain one or more azo
bonds (-N=N-) as chromophore groups linked to aro-
matic structures with functional groups such as OH
and SOsH [1,2]. Azo dyes effluents are a threat to the
surrounding ecosystems and can pose the environ-
mental pollution. For example, the toxicity and poten-
tially carcinogenic nature of azo dyes and their
manufacturing precursors represent an increasing dan-
ger in aquatic life [3]. Therefore, the azo dyes in sew-
age must be readily treated before being released into
the environment. Conventional water treatment tech-
nologies, such as activated sludge-based biological
processes, coagulation/flocculation, adsorption, and
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ion exchange, have been developed and used widely
for the azo dyes treatment [4]. However, these meth-
ods cannot eliminate the color completely [5,6], so it is
crucial to develop processes that can destroy these
dyes completely.

Among the before mentioned approaches for azo
dyes treatment, photocatalysis has attracted increas-
ing attention in recent years [7-12]. Due to its capa-
bility to treat extremely low concentration of organic
pollutants at room temperature and it is environ-
mental friendly, photocatalysis has been widely
employed in the treatment of all kinds of organic
contaminants [13]. Generally, photocatalytic systems
are categorized as either homogeneous or heteroge-
neous. Polyoxometalates are mostly used as photo-
catalysts in homogeneous systems, in which their
photochemical behavior has been studied [14]. In
heterogeneous systems, the main photocatalyst is
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semiconductor-based materials. TiO, and ZnO have
been used in heterogeneous photocatalysis for vari-
ous environmental-related applications.

Previous studies have demonstrated that H,O,,
NazBO:),, KzSzOg, KBI‘O3, KIO3, and KIO4 in TiOZ,
ZnO, CdO, Fe,O; CuO, ZnS, and Nb,Os system
under UV can enhance the degradation of the sub-
strate [15,16]. Choy and coworker reported that oxy-
halogens (ClO;, BrO;, and IO;) can significantly
improve the o-Chloroaniline decay in the UV/TiO,/
oxyhalogens process. Faster decay of o-Chloroaniline
was observed in the order of IO; >BrOj; >ClO;
[17,18]. As inorganic oxidants, oxyanions can capture
the electrons ejected from TiO,; therefore, the proba-
bility of electron-hole recombination will decrease,
causing an increase in the half-life of 4" in the solu-
tion, which in turn benefits the photocatalytic reac-
tion [19]. Cotton et al. suggested the overall reaction
of iodate reduction, yielding iodide as the end prod-
uct [20], TiO;+hv — e +h", 105 +6H" + 6e~ «
[10;,HOI] < I" 4+ 3H0. On the other hand, Weavers
et al. have outlined that the reduction pathway of
IO; under the UV illumination [21]. During the pro-
cess, radical species such as I0; and HIO;* would
be generated, yielding I" as the end product.

KIO; is widely used in analytical chemistry and
as an additive in the food industry. KIO; is extre-
mely irritating and injurious to tissues especially
those of the optic nerves. The concentration of KIO;
in the wastewater released by analytical laboratories
and the food industry is relative high. Thus, we
wonder whether or not KIO; released in the waste-
water can photocatalytically oxidize the organic pol-
lutants in waters. If this is feasible, then the
potential use of photoactivated potassium bromate
at ambient temperature is of interest, realizing the
self-purification of water to some extent. Our previ-
ous studies have demonstrated that a methyl orange
(MO) aqueous solution can be effectively decolor-
ized in KIO; homogeneous system under UV light
irradiation [22]. However, more studies are needed
to better understand this process, especially the
effects of several reagents on the I0; homogeneous
systems and the underlying photocatalytic mecha-
nism of IO; under UV light irradiation. The influ-
ence of the several reagents must be accurately
examined before application as some of them may
affect the degradation adversely at specific condi-
tions. In this paper, MO, a water soluble azo dye
widely used in the textile industry, was chosen as
the model azo dye.
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2. Experimental
2.1. Materials and instruments

All chemicals (analytical grade reagents) were pur-
chased from Chengdu Kelong Chemical Reagent Fac-
tory and used as received. All the studies were done
using double-distilled water. A 756 PC spectropho-
tometer, a quartz beaker with 100 mL volume, and a
30 W medical violet lamp (Philips, with maximum
emission at 254 nm) were used in the experiments.

2.2. Procedures

The procedures for photocatalytic reaction have
been described in Ref. [22]. The reactor consisted of a
100 mL (p =5.4 cm) quartz beaker placed in a constant
temperature water bath. In a dark room, a 100 mL MO
aqueous solution containing 50 mg KIO; was intro-
duced into the reactor, and the mixture was placed
under UV illumination. The distance from the lamp to
the solution was 15 cm, and the intensity of UV irradi-
ation was 380 pw/cm? The mixture was magnetically
stirred. The decolorization reaction was carried out at
298 K and HCIO4 and NaOH solutions were used to
adjust the pH. The additional reagents were added
into the reaction system separately, and the mixture
was then irradiated as the procedure mentioned
above. At regular intervals, samples were withdrawn
for analysis. The concentration of MO was measured
with a spectrophotometer using Lambert-Beer law.
Experiments were carried out under two conditions:
one with illumination but no KIO3 (I) and the other
with KIO; but no irradiation (II).

In this paper, the decolorization efficiency of MO
was calculated by (Co—C)/Cy, where C is the concen-
tration of the MO after irradiation, C, the initial con-
centration of MO before the irradiation in the presence
of KIO;. All data were the average values of three par-
allel determinations.

3. Results and discussion
3.1. Blank experiments

The results of blank experiments show that the
concentration of MO aqueous solution (10mg/L)
under condition I during 1h period changes so little
that can be ignored. The concentration of MO solution
(10mg/L) under condition II during 1d time period
keeps the same, indicating that KIO; cannot decolorize
MO directly without UV irradiation. The results fit
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Fig. 1. Spectrum of MO and KIOs: (1) MO (pH 7.0); (2)
KIO; (pH 7.0); (3) MO +KIO; (pH 7.0); the concentration
of MO was 10 mg/L; the concentration of KIO; was 0.5g/
L; the volume of solution was 100 mL; pH was adjusted at
7.0 with HCIO4 and NaOH.

well with the results reported by Choy and coworker
[17]. The results are shown in Fig. 1. As shown in
Fig. 1, the spectrum of MO in the mixed solution (MO
and KIO3) after 1d is almost the same as that of initial
MO, the results further demonstrate that no new
absorption appears from 320 to 560 nm when MO and
KIOj3 coexist in the solution, which demonstrates that
the presence of KIO; will not interfere with the mea-
surement of MO at 460 nm. The results of blank tests
show that decolorization of MO with KIO3; under UV
illumination is due to photocatalysis.

3.2. Kinetics investigation

Our previous studies have demonstrated that the
decolorization rates of MO with KIO; under UV light
irradiation fit a first-order model for initial low
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Fig. 2. Plot of photocatalytic decolorization of MO vs. irra-
diation time.
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concentrations (£10mg/L) [22]. Fig. 2 is a plot of
normalized concentrations vs. irradiation time for
MO at three relative high initial concentrations (=25
mg/L), it is clear that C; vs. t is in linear form, which
shows that the decolorization rates fit a zero-order
model, that is, C; = Cy—kot describes the tendency well,
where Cy and C; are the concentration of MO at time 0
and ¢, respectively, and kj is the observed zero-order
rate constant. To make the further mathematic infer-
ences clear, all the relating kinetic parameters, such as
the reaction rate constants (ky), half-life (t,5), and
interrelated coefficients (R?), are all presented in
Table 1. In the decolorization reaction process, the
higher initial concentration is, the more intermediates
appear, and the negative effects become stronger on
the apparent reaction rate constant. As to the negative
effect of high initial concentration, it can be speculated
to be caused by the limited dosage of oxidants which
is fixed in our case because the intermediates would
compete with MO for active species. On the other
hand, higher concentration of the dye decreases the
light penetrability in the dye solution and diminishes
the amount of light required for the formation of
active species owing to the fact that the dye molecules
may absorb a significant amount of light [23].

3.3. Effect of inorganic additives

The influence of some inorganic additives must be
accurately examined before their application due to
possible negative effects depending on experimental
parameters. Previous studies have shown that the
presence of periodate (IO,) can degrade some toxic
organic compounds significantly under UV and near
sunlight wavelengths [21,24], the reaction mechanism
is summarized as below:

10, +hv — 105+ O~ 1)
O~ +H' < OH )
OH' +10; — OH™ +10; 3)
2 OH' — H,0; @)
2 10; « L,0g )
L,Os + H,O — 105 +10; +2H* + O, (6)
2105 «+ 1,Og @)
L,Os + H,0 — 105 + 10, +2H* ®
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Table 1
Parameter and reaction kinetic equation for different initial concentration
Co (mg/L) Reaction kinetic equation Rate constant (ko) (mg/L min ) to.5 (min) R?
25 C;=24.98 — 0.0523¢ 0.0523 238.81 0.9952
30 C;=29.98 — 0.0335¢ 0.0335 447 46 0.9920
35 C;=35.02—-0.0182¢ 0.0182 962.08 0.9943
10, + hv — 103 + O(’P) (9 HO; +H,0, — H,O+ 0, +'OH
O, +O(3P) — O3 (10) When the concentration of MO aqueous solution (10

mg/L) and other conditions were fixed, the effects of

O; +IHO; — 10, + O, (11) 10;, $05, BrO;, and H,O, on the decolorization

S,03” [25] and BrO; [26] can also be used to degrade
some organic substrates under UV illumination. The
thermal or photochemical activated decomposition of
S,0f ion to SO; radical has been proposed as

a method of accelerating the process [25], as
summarized in the following reactions:

S,0%~ + photons or heat — 250;~ (12)
SO; +RH; — SO + H' + RH- (13)
RH' +S°0;" — R+S0; +H' +S0; (14)
SO; +RH — R +S0O;” + H* (15)
2R' — RR (dimer) (16)

H,0, is a commonly used oxidant, its degradation
mechanism only involving ‘OH attack under UV irra-
diation [27].

4<380nm

H,O; + hv —— 2HO"

‘OH + H,O, — H,0 + H02

reaction of MO with KIO; under UV illumination are
shown in Table 2.

As shown in Table 2, interestingly for processes
6-9, the photocatalytic decolorization of MO is greatly
inhibited, the first-order rate constants being 0.0333
min ! (Kg), 0.0274min ' (K;), 0.008 min~' (Kg) and
0.0108 min~" (Ky), respectively. These results indicate
that 10, , 5,027, BrO;, H;O,, and KIO; have an inhibi-
tion which leads to the low decolorization rate of MO,
but the presence of 10, SZOZ*, BrO;, and H,O, can-
not alter the kinetic model of the reaction as demon-
strated by the results, since the photocatalytic
decolorization reaction is still pseudo-first-order. Fur-
thermore, K¢~ K;—Kj5 illustrates that the inhibition
between KIO,4 and KIO; is not very strong. K¢ > K;—Ks
shows that the inhibition between K,S5,0gz and KIOs is
not very strong. Kg<Kz;—Ks indicates that the inhibi-
tion between H,O, and KIO; is very strong, while Ko
> K4—Ks suggests that the inhibition between KBrOj;
and KIO; is not very strong. It is possible that these
results are caused by the nature of the oxidants and
the mechanism of the photocatalysis by these oxidants,
but the specific interaction mechanisms between these
oxidants under UV illumination are not clear,
remaining to be studied in near future. For process 8§,
the photocatalytic decolorization rate constant is the
lowest among the experimental conditions. As a weak

Table 2

Kinetic parameter for MO with different oxidant

Process Oxidant K (min™) to.5 (min) R?

1 50 mg KIO, 0.0409 16.95 0.9998
2 50 mg K,5,04 0.0296 23.18 0.9993
3 50 mg H,O, 0.0181 38.30 0.9997
4 50 mg KBrO; 0.0150 46.21 0.9994
5 50 mg KIO; 0.0079 89.15 0.9982
6 50 mg KIO, + 50 mg KIO; 0.0333 20.81 0.9948
7 50 mg K5,S,05 + 50 mg KIO; 0.0274 25.30 0.9991
8 50 mg H,O, + 50 mg KIO; 0.0080 86.64 0.9905
9 50 mg KBrO; + 50 mg KIO; 0.0108 64.18 0.9992
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reductant, H,O, can react with the strong oxidant
(KIO3); thus, the photocatalytic decolorization rate
constant is slow.

3.4. Photocatalytic mechanism

H,0O, was employed as a standard for comparison
in the degradation mechanism with KIO; based on the
fact that the two reaction systems are both homoge-
neous reaction system. If the photocatalytic mecha-
nism of KIO; only concerns hydroxyl radical attack as
that of H,O,, the spectral changes recorded during the
MO photocatalytic decolorization by H,O, and KIO;
would follow the same spectral changes. The spectral
changes recorded during MO photocatalytic decolor-
ization are shown in Fig. 3. As shown in Fig. 3, the
intermediates formed from MO photocatalytic decolor-
ization by KIO; appear different from that of H,O,. In
H,O, photocatalysis, the intermediates have a broad
band in the range of about 313-555 nm, the absorbance
in the range of about 244-313 nm decreases with the
irradiation time. However, the products formed from
KIO; photocatalysis exhibit a broader band in about
350-543nm, while the absorbance in the range of
about 293-350 and 543-600 nm increases with the irra-
diation time (KIO; absorption at A<300nm overlaps
with MO). Thus, the intermediates were found to
experience further degradation in situ with irradiation
time. These results illustrate that the degradation
mechanism of MO with KIO3 under UV irradiation is
greatly different from that of MO with H,O,, but the

3
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240 320 400 480 560
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Fig. 3. The spectral changes recorded during MO

photodegradation by H,O, and KIOj; at reaction time of 0,
10, 20, 30, 40, 50, 60, and 70 min, respectively. The amount
of H,O, and KIO; was 0.5g/L and pH of MO solution
(6 mg/L) was 5.6.
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Fig. 4. Effects of scavengers on the photocatalytic decolor-
ization efficiency of MO: (1) KIO; (2) KIO;+ methanol
(about 1% by volume); (3) KIO;+ ethanol (about 1% by
volume); (4) KIO;+t-BuOH (about 1% by volume); (5)
KIO; + AO (0.2 mM); the concentration of MO was 6 mg/L;
the amount KIO; was 0.5g/L.

result here cannot exclude that the degradation of MO
with KIO; involves the attack of *OH radicals.

In order to better understand the photocatalytic
mechanism, the effects of different scavengers on the
decolorization efficiency of MO were investigated. The
scavengers used in this study are ethanol for *OH [28]
(99.9%, 1mL), methanol for ‘OH [29] (99.9%, 1mL),
and t-BuOH for ‘OH. T-BuOH is an effective hydroxyl
radicals scavenger, which reacts quickly with hydroxyl
radicals with a rate constant of 6.0 x10°M 's™" [30].
Ammonium oxalate (AO) is a scavenger for k" [31].
As shown in Fig. 4, the presence of these scavengers
has no influence on the decolorization efficiency of
MO. The evidence obtained here supports that
‘OH and h" are not involved in the degradation of
MO by KIO; photocatalysis. However, when 0.4

25
21.3
20 +
S
E
=
N
s 10}
°
S
53
Q 5L
1.0
0 7 A
Blank BQ

Fig. 5. Effect of BQ on the photocatalytic efficiency of MO;
the concentration of MO was 10mg/L, the amount KIO;
was 0.5g/L, the concentration of BQ was 0.4 mmol/L, the
reaction time was 1 h.
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mmol/L benzoquinone (BQ), an 'O, scavenger [32],
was added, it is interesting that the photocatalytic
reaction was totally retarded (Fig. 5). The result here
indicates that the photocatalytic mechanism of MO
with KIO3 under UV irradiation involves the attack of
‘O,. However, the formation of O, is not clear,
remaining for further study.

4. Conclusion

This paper demonstrates that the decolorization
reaction of MO is a zero-order reaction when the
concentration is above 25mg/L and organic
compounds such as 10, SzOg_, BrO;, and H,O, can
greatly inhibit the photocatalytic decolorization of
MO. Although there is a lack of direct evidence for
the presence of ‘O, several observations indicate that
‘O, radicals are involved in the photocatalytic
decolorization of MO with KIO3 under UV irradiation.
Furthermore, a more detailed mechanism needs to be
further investigated.
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