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UV photodegradation of azo dye Diacryl Red X-GRL
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Abstract

The direct UV photodegradation of Diacryl Red X-GRL was studied in an immersion photochemical reactor equipped with monochromatic
UV source of 253.7 nm. Different process parameters that may influence the UV photodegradation were studied. These parameters included
temperature, pH, radiation flow rate of UV lamp, carrier gas flow rate, initial concentration of dye, concentration oft-BuOH, and the
concentration of dissolved oxygen. Four possible photodegradation pathways of dye in the presence of dissolved oxygen were assumed to
be as follows: homolysis of excited dye to radicals; electron transfer of excited dye to form radical dye cation; decomposition by superoxide
radical anion; and decomposition by singlet oxygen. Based on photodegradation pathways the photodegradation rate equation was derived, and
t describes
t ously from
0 ure
h ar
r Arrhenius
e
©

K

1

t
m
3
p
1
s

d
o
s
t

f

is the
sult-
osal

ither
ent
at-
r of
. Di-
adly

the

Red
ting
f dye
sing
the
ing

1
d

he overall quantum yield of photodegradation was determined using Line Source Spherical Emission Model (LSSE Model), which
he radiation flow rate absorbed by the solution in the photodegradation process. The overall quantum yield is enhanced enorm
.46× 10−3 in the absence of dissolved oxygen to 7.35× 10−3 in the presence of 1.21× 10−3 M dissolved oxygen. However, the temperat
ad negative effect on the overall quantum yield, which varied from 8.54× 10−3 at 288 K to 5.53× 10−3 at 308 K. Finally, by using non-line
egression analysis, the overall quantum yield was correlated to be a function of temperature and dissolved oxygen in a modified
quation with activation energy of 11.3 kJ mol−1.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Textile industries have shown a significant increase in
he use of synthetic complex organic dyes as the coloring
aterial. The annual world production of textiles is about
0 million tones requiring 0.7 million tones of different dyes
er year[1]. Among these dyes, over 50% are azo dyes. About
0–20% of the dyes utilized is lost in the process effluent, re-
ulting in great volumes of highly colored effluents[2–4].

Usually, the conventional biological treatment processes
o not readily remove dyes from textile wastewaters, because
f their resistance to biological degradation[5–7]. Although
ome treatment processes, like chemical coagulation and ac-
ive carbon adsorption, may remove certain categories of dye

∗ Corresponding author. Tel.: +86 571 8795 1239;
ax: +86 571 8795 2771.
E-mail address:weirong@mail.hz.zj.cn (W. Zhao).

to about 90%, the main drawback of these processes
generation of a large amount of sludge or solid waste, re
ing in high operational costs for sludge treatment and disp
[8,9].

The photodegradation, which has the advantage of ne
chemical sludge nor toxic residue left out in the treatm
processes[10], is very suitable for colored wastewater tre
ment. Therefore, it is meaningful to study the behavio
dyes in aqueous solution during UV using kinetics data
acryl Red X-GRL selected for this study is an azo dye bro
used in the textile industry, and is nonbiodegradable by
conventional activated sludge process[11].

In the present work, the photodegradation of Diacryl
X-GRL was studied to determine the impact of opera
conditions. The possible photodegradation pathways o
in the presence of dissolved oxygen were assumed. U
Line Source Spherical Emission Model (LSSE Model),
overall quantum yield of reaction was obtained by apply

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structural formula of Diacryl Red X-GRL.

the experimental data to a kinetics model. Finally, the overall
quantum yield was expressed as a function of temperature
and dissolved oxygen in a modified Arrhenius equation by
non-linear regression analysis.

2. Experimental

2.1. Reagents

Water was deionized and distilled. The commercial
azo dye Diacryl Red X-GRL, 5-[4-(benzyl-methyl-amino)-
phenylazo]-1,4-dimethyl-4H-[1,2,4]triazol-1-ium chloride,
was purified by methanol recrystallization method[11].
As can be seen inFig. 1, its cation part connects with
a chloride ion by ionic bond. The molecular weight of
dye is 356.84 g mol−1, and its maximum absorbance wave-
length is at 530 nm with molar extinction coefficient of
4.57× 104 M−1 cm−1. The carrier gas was either pure oxy-
gen (>99.5%), or pure nitrogen (99.99%), or the mixture of
both in certain volumetric proportions.

2.2. Apparatus

Photodegradation studies were conducted in a 3.5 L im-
m ed in
o the
r in
a
t nlets
f per-
a lamp
( ated
i nm.
T rate
P re-
s lcula-
t
a

2

.5 L
o ith
o the
d ess,

several samples were taken out from the reactor periodically
to analyze the absorbance of the solution by UV–vis spec-
trophotometer (Pgenral Analytical Instrument Co. Ltd., Bei-
jing, China) at 253.7 and 530 nm respectively. The concentra-
tion of Diacryl Red X-GRL was determined at maximum ab-
sorbance wavelength of 530 nm by Beer–Lambert’s law[12].
The attenuation coefficientµD of the solution at 253.7 nm
was calculated by dividing the absorbance of solutions at
253.7 nm by the light path length (0.01 m).

3. Results and discussion

3.1. Influence of reaction variables

The photodegradation of Diacryl Red X-GRL by
monochromatic UV radiation was carried out in the experi-
ments by varying process conditions according to the values

Fig. 2. Experimental apparatus (unit: m).
ersion photochemical Pyrex glass reactor as describ
ur previous work[11]. The structure and dimensions of
eactor are depicted inFig. 2. The reactor was submerged
thermostatic bath to keep the temperature within±05◦C of

he desired value. The reactor was equipped with a few i
or bubbling the carrier gas, sampling, venting, and tem
ture measurement. The low-pressure mercury vapor
Zuozhou Light Source Co., Hebei, China) used was situ
n a quartz sleeve emitting monochromatic light of 253.7
he procedure for the calculation of the radiation flow
253.7 emitted by the lamp of 10 and 30 W using are p
ented in the appendix. Results obtained from these ca
ions show thatP253.7for 30 and 10 W is (4.47± 0.17)× 10−6

nd (2.40± 0.13)× 10−6 Einstein s−1, respectively.

.3. Analytical methods

For all the experiments, the reactor was filled with 3
f aqueous Diacryl Red X-GRL buffer solution adjusted w
rthophosphoric acid and sodium hydroxide to achieve
esired pH and ionic strength of 0.1 M. During the proc
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Table 1
Experimental results for photodegradation of Diacryl Red X-GRL

Exp. T (K) pH P253.7× 106 (Einstein s−1) CD,0 × 105(M) Qgas(L h−1) Coxygen× 103 (M) Ct-BuOH × 103 (M) φD × 103

UV-1 298 3.15 4.47 1.34 100 1.21 0 6.72
UV-2 298 5.70 4.47 1.34 100 1.21 0 7.11
UV-3 298 8.14 4.47 1.35 100 1.21 0 7.35
UV-4 298 9.24 4.47 1.47 100 1.21 0 7.56
UV-5 288 5.70 4.47 1.40 100 1.45 0 8.54
UV-6 293 5.70 4.47 1.47 100 1.32 0 7.77
UV-7 303 5.70 4.47 1.33 100 1.12 0 6.16
UV-8 308 5.70 4.47 1.33 100 1.05 0 5.53
UV-9 298 8.14 4.47 1.36 40 1.21 0 7.28
UV-10 298 8.14 4.47 1.36 100 0 0 0.46
UV-11 298 8.14 4.47 1.36 100 0.24 0 1.54
UV-12 298 8.14 4.47 1.36 100 0.48 0 2.63
UV-13 298 8.14 4.47 1.36 100 0.73 0 3.78
UV-14 298 8.14 4.47 1.36 100 0.97 0 4.80
UV-15 298 3.15 4.47 2.80 100 1.21 0 6.65
UV-16 298 8.14 2.40 1.39 100 1.21 0 7.42
UV-17 298 8.14 4.47 1.36 100 1.21 20 /
UV-18 298 8.14 4.47 1.36 100 1.21 50 /

shown inTable 1. The process variables include temperature
T, pH, carrier gas flow rateQgas, radiation flow rate of UV
lampP253.7, concentration oft-BuOH Ct-BuOH, initial con-
centration of dyeCD,0 and concentration of dissolved oxy-
genCoxygen. In Table 1the concentration of the dissolved
oxygen was taken from Perry and Green[13]. The influ-
ence of variables on the conversion of dye is depicted in
Fig. 3.

As shown inFig. 3a, the concentration of the dissolved
oxygen influenced the process significantly. At the reaction
time of 360 min and carrier gas flow rate of 100 L h−1, the
conversion of dye increased with increasing concentration of
dissolved oxygen. The conversion of dye increased to 0.716
with dissolved oxygen of 1.21× 10−3 M when compared to
the conversion of 0.090 without any dissolved oxygen. There-
fore, it could be concluded that the dissolved oxygen took part
in photodegradation process.

Fig. 3a showed that the oxygen flow rate had limited effect
on the conversion of dye, as the reaction was not diffusion
determined.

When the reaction time was 360 min, the conversion
of dye increased with radiation flow rate of UV lamp
P253.7 from 0.598 at 2.40× 10−6 Einstein s−1 to 0.716 at
4.47× 10−6 Einstein s−1, as shown inFig. 3b, because the
radiation flow rate absorbed by the solution increased with
t

e
i ow-
e ho-
t f the
c
i
r with
t the
h nse-
q

Fig. 3d shows that the pH had no influence on the pho-
todegradation since the process is not influenced by H+/OH−
(see Section3.2).

Temperature had negative influence on the conversion of
dye, as shown inFig. 3e. At the reaction time of 360 min,
the conversion of dye decreased from 0.748 to 0.594 as tem-
perature was increased from 288 to 308 K. FromTable 1,
it can be observed that the concentration of dissolved oxy-
gen decreased with increasing of temperature, which in turn
decreased the photodegradation rate. Therefore, under the
strong influence of the concentration of dissolved oxygen,
the conversion of dye was reduced when temperature in-
creased.

The study of photodegradation with the addition oft-
BuOH known as a radical scavenger was used to find
out the dominant reaction in the degradation process[14].
Fig. 3f presented the alteration of the conversion of dye
during the reaction for varioust-BuOH concentrations.
The conversion of dye decreased from 0.716 withoutt-
BuOH to 0.530 and 0.454 witht-BuOH of 20× 10−3 and
50× 10−3 M, respectively. Thus, it can be deduced that the
photodegradation process might be dominated by radical re-
action.

3.2. Mechanism study

anic
c ually
c l.
[ yes
i y the
c ance
s at
t en
U
a the
he radiation flow rate of UV lamp.
It can be inferred fromFig. 3c that the conversion of dy

ncreased with the decrease of dye initial concentration. H
ver, this conclusion could be misleading. The initial p
odegradation rate of dye calculated from the slope o
urves were 7.04× 10−10 and 9.99× 10−10 M s−1 when the

nitial concentrations were 1.36× 10−5 and 2.80× 10−5 M,
espectively. This implied that the reaction rate increased
he initial concentration. For photochemical reactions,
igh concentration caused a high light absorption and co
uently an increase of reaction rate.
The mechanism for photochemical reactions of org
ompounds in the presence of dissolved oxygen is us
omplex, as reported by Legrini et al.[14] and Aranyosi et a
15]. Usually, the UV light-induced photodegradation of d
n the presence of dissolved oxygen can be achieved b
leavage of conjugated chains that will shift the absorb
pectra out of visible region[5]. It has been reported th
he superoxide radical anion O2

•− can be generated wh
V is absorbed by dissolved oxygen[16]. Yang et al.[17]
lso proved that the superoxide radical anion might be
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Fig. 3. Influence of variables on conversion of Diacryl Red X-GRL (experimental conditions are listed inTable 1). (a) Carrier gas flow rates and concentrations
of dissolved oxygen. (b) Radiation flow rates of UV lamp. (c) Initial concentrations of dye. (d) pH. (e) Temperatures. (f) Concentrations oft-BuOH.

key radical in the photodegradation. The formation pathways
and overall quantum yield of singlet oxygen1O2, a powerful
oxidant, has been reviewed extensively by Wilkinson et al.
[18].

Based on experimental results of reaction variables and
photochemistry principles, a mechanism for Diacryl Red X-
GRL photodegradation is proposed.

In a first step, the excitation of the Diacryl Red X-GRL,
represented by D, takes place by the absorption of one photon:

D + hν
φ′

DµDI−→ D∗ (1)

where φ′
D being the overall quantum yield of dye from

its ground state to excitation state,µD (m−1) and I (Ein-
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Fig. 4. Scheme of Diacryl Red X-GRL photodegradation pathways.

stein s−1 m−2) being the attenuation coefficient of the solu-
tion and the radiation intensity, respectively, for 253.7 nm of
monochromatic radiation. The excited dye D* is later deac-
tivated to its ground state:

D∗ k1−→ D (2)

or can be decomposed by homolytic cleavage to radicals (X•
and Y•) that then react with dissolved oxygen to form XOO•
and YOO•, while the XOO• and YOO• are decomposed to
X+, Y+ and O2

•− quickly [19]:

D∗ k2−→ X• + Y• (3)

X• + O2
k3−→ XOO• fast−→ X+ + O•

2
− (4)

Y• + O2
k4−→ YOO• fast−→ Y+ + O•

2
− (5)

The excited dye D* transfers an electron to a ground
state molecular oxygen, forming a radical dye cation D•+

and a superoxide radical anion O2
•− as shown in Eq.

(6) [14]. The superoxide radical anion further reacts with
dye (Eq. (7)) and the radical dye cation is hydrolyzed
(Eq.(8)).

D∗ + O2
k5−→ D•+ + O2

•− (6)

D )

D

ate
m nglet
o ts
w

D

D )

e
r n

rate between D and O2•− [19]:

t-BuOH+ O2
•− + H2O

k10−→ O2 + (CH3)2C(OH)COOH+ OH− (11)

Thet-BuOH can quench the singlet oxygen1O2 (Eq.(12)):

t-BuOH+ 1O2
k11−→ O2 + t-BuOH (12)

The radicals formed from the above reactions are termi-
nated as follows:

X• + X• k12−→ X − X (13)

Y• + Y• k13−→ Y − Y (14)

X• + Y• k14−→ D (15)

X• + O2
•− k15−→ XO2

− (16)

Y• + O2
•− k16−→ YO2

− (17)

As the radical reactions are non-selective and diffusion
controlled, the second-order rate constant of the reaction be-
tween organic substrates and the radicals is very close to that
of the reaction between the radicals (both at the magnitude of
108–1010 M−1 s−1) [21–23]. Therefore, it is reasonable to as-
s ower
t par-
i
r ,
a g
s

-
b tion
o e as-
s m
F dye.
T ) to
r en
t
c y
i e to
+ O2
•− k6−→ Products (7

•+ + H2O
k7−→ Products+ OH− (8)

The excited dye D* transfers energy to a ground st
olecular oxygen, forming a ground state dye D and a si
xygen1O2 as shown in Eq.(9). The singlet oxygen reac
ith the dye further (Eq.(10)) [20]:

∗ + O2
k8−→ D + 1O2 (9)

+ 1O2
k9−→ O2 + Products (10

Radical scavenger such ast-BuOH reacts with superoxid
adical anion O2•− (Eq. (11)), and then inhibits the reactio
ume that the concentration of various radicals is much l
han the concentration of dye and dissolved oxygen. Com
ng the radical consumption rates of Eqs.(4), (5) and (7), the
adical consumption rates of Eqs.(13)–(17)are negligible
nd hence, the Eqs.(13)–(17)were ignored in the followin
tudy.

Summarizing the above results of Eqs.(1)–(12), the possi
le photodegradation pathways of dye under the UV radia
f 253.7 nm in the presence of dissolved oxygen can b
umed to be that depicted inFig. 4. As can be seen fro
ig. 4, there are four photodegradation pathways for the
he first pathway is the homolysis of excited dye (Path1
adicals X• and Y•, which then react with dissolved oxyg
o form XOO• and YOO•, while the XOO• and YOO• de-
ompose to X+, Y+ and O2

•− quickly. The second pathwa
nvolves the transfer of an electron from the excited dy
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ground state molecular oxygen (Path2) to form a superoxide
radical anion O2•− and a radical dye cation. The third path-
way is the decomposition of dye by superoxide radical anion
(Path3). The fourth pathway is that an excited dye transfers its
energy to ground state molecular oxygen, forming a ground
state dye D and a singlet oxygen1O2, while the singlet oxy-
gen reacts with the dye further (Path4).

3.3. Kinetics study

According toFig. 4and Eqs.(1)–(12), the kinetics equa-
tion of D, D* , O2

•−, 1O2, X•, and Y• can be deduced as
follows:

dCD

dt
= −φ′

DµDI + k1CD∗ − k6CDCO2
•−

+ k8CD∗Coxygen− k9CDC1O2
(18)

dCD∗

dt
= φ′

DµDI − k1CD∗ − k2CD∗ − k5CD∗Coxygen

− k8CD∗Coxygen (19)

dCO2
•− = k5CD∗Coxygen− k6CDCO2

•− + k3CX•Coxygen

ation
o
(
(

C

C

C

CX• = k2CD∗

k3Coxygen
(27)

CY• = k2CD∗

k4Coxygen
(28)

Substituting Eqs.(24)–(26)into Eq.(18) leads to:

−rD = −dCD

dt

= φ′
D




k6CD(k5Coxygen+ 2k2/k6CD + k10Ct-BuOH)

+ (k9CDk8Coxygen/k9CD + k11Ct-BuOH)

+ k5Coxygen+ k2

k1 + k2 + k5Coxygen+ k8Coxygen




× µDI (29)

The overall quantum yieldφD,t-BuOH in the presence of
t-BuOH is defined by the expression below:

φD,t-BuOH 
 k6CD(k5Coxygen+ 2k2/k6CD + k10Ct-BuOH)




f
a

Eq.
(

φ

y
k

−

w t of
t

re-
a

−

dt

+ k4CY•Coxygen− k10CO2
•−Ct-BuOH (20)

dC1O2

dt
= k8CD∗Coxygen− k9CDC1O2

− k11C1O2
Ct-BuOH

(21)

dCX•

dt
= k2CD∗ − k3CX•Coxygen (22)

dCY•

dt
= k2CD∗ − k4CY•Coxygen (23)

Applying the steady state assumption to the concentr
f excited dye D* (Eq.(19)), superoxide radical anion O2•−
Eq. (20)), singlet oxygen1O2 (Eq. (21)), radicals X• (Eq.
22)) and Y• (Eq.(23)) yields the following equations:

D∗ = φ′
DµDI

k6CD(k5Coxygen+ 2k2/k6CD + k10Ct-BuOH)

+ (k9CDk8Coxygen/k9CD + k11Ct-BuOH)

+k5Coxygen+ k2

k1 + k2 + k5Coxygen+ k8Coxygen
(24)

O2
•− = (k5Coxygen+ 2k2)CD∗

k6CD + k10Ct-BuOH
(25)

1O2
= k8CD∗Coxygen

k9CD + k11Ct-BuOH
(26)
= φ′
D



+ (k9CDk8Coxygen/k9CD + k11Ct-BuOH)

+ k5Coxygen+ k2

k1 + k2 + k5Coxygen+ k8Coxygen


(30)

As it can be deduced from Eq.(30), theφD,t-BuOH is the
unction ofφ′

D, k1, k2, k5, k6, k8, k9, k10, k11, Ct-BuOH, CD,
ndCoxygen.

If there is not-BuOH present in aqueous solution, the
30) is simplified to

D = φ′
D

[
2k5Coxygen+ k8Coxygen+ 3k2

k1 + k2 + k5Coxygen+ k8Coxygen

]
(31)

As it can be deduced from Eq.(31), the overall quantum
ield φD in the absence oft-BuOH is the function ofφ′

D, k1,
2, k5, k8, andCoxygen.

Introducing Eq.(31) into Eq.(29) results in:

rD = −dCD

dt
= φDµDI (32)

here−rD is the conversion rate of dye at certain poin
he reactor.

The above reaction equation for certain points of the
ctor can be extended to the whole reactor:

rD,total = − dCD

dt

∣∣∣∣
V

= − 1

V

∫
V

rDdV = φD

V

∫
V

µDIdV

(33)
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Table 2
Determination of the integration ofWabswith t for experimental set UV-3

t (min) CD × 105 (M) µD (m−1) ω (m2) Wabs× 107 (Einstein s−1)
∫ t

0Wabsdt × 104 (Einstein)

0 1.35 2.61 0.0138 4.47 0
30 1.19 2.41 0.0140 4.19 8.04
60 1.06 2.02 0.0140 3.52 15.10
90 0.94 1.60 0.0140 2.78 20.70

120 0.83 1.45 0.0141 2.54 25.10
180 0.65 1.10 0.0141 1.93 34.60
240 0.54 0.64 0.0142 1.13 39.00
360 0.38 0.58 0.0142 1.03 46.40

where−rD, total is the conversion rate of dye of the whole
reactor.

In a photochemical reaction promoted by a monochro-
matic radiation source similar to the current study, the total
radiation flow rate absorbed,Wabs(Einstein s−1) is given by
the expression:

Wabs=
∫

V

µDIdV (34)

Combining Eqs.(33) and (34)yields:

−dCD

dt
= φDWabs

V
(35)

with the boundary condition:

t = 0, CD = CD,0 (36)

Integrating Eq.(35)with the boundary condition (Eq.(36))
gives:

CD,0 − CD = φD

V

∫ t

0
Wabsdt (37)

According to the above equation, the overall quantum
yield of the reaction can be obtained from the slope of the
p
o
c ergy
b e dis-
t the
g d, the
L
s odel
a which
e his
m n en-
e tive
t tor
w

ab-
s

W

whereI(r, z) represents the radiation intensity distribution in
cylindrical coordinates, which is given by:

I(r, z)

= P253.7

4πL

∫ L0+L

L0

exp[−µD(r − R1)
√

r2 + (z − l)2/r]

r2 + (z − l)2
dl

(39)

In Eqs.(38) and (39), r andz are the coordinates of the
general point considered, andl is the lamp axial coordinate;
L, 0.180 m, andL0, 0.150 m, are the length and axial position
of the lamp;R1, 0.026 m, andR0, 0.056 m, are the internal
and external radii of the reactor;H, 0.430 m, is the depth of
solution in reactor, andP253.7is the radiation flow rate of UV
lamp, as determined previously (see appendix).

Substituting Eq.(39) into Eq.(38)using a general param-
eterω as defined in the form:

ω =
∫ H

0

∫ R0

R1

∫ L0+L

L0

×exp[−µD(r − R1)
√

r2 + (z − l)2/r]

r2 + (z − l)2
r dl dr dz (40)

flow
r

W

pa-
r
ω n
o
w
c and
p

(
u d
i fit
t ived
f ason-
a

lot of (CD,0–CD) versus integration ofWabswith t. The rate
f radiation energy absorbed by the solutionWabsin Eq.(37)
an be determined beforehand by solving a radiation en
alance using a radiation source model that describes th

ribution of radiant energy within the reactor. Based on
eometric characteristics of the reactor and the lamp use
ine Source Spherical Emission Model[24] is found to be
uitable and chosen for this study. Basically, the LSSE M
ssumes the lamp as an assembly of source points, from
ach point emits radiation in all direction isotropically. T
odel allowed a reasonably good analysis of the radiatio
rgy distribution within the reaction space with an objec

o predict the radiation field in a cylindrical annular reac
ith the source placed at its axis.
According to the LSSE Model, the radiation flow rate

orbed can be expressed in this form:

abs= 2πµD

∫ H

0

∫ R0

R1

I(r, z)r dr dz (38)
Therefore, a reduced equation for the total absorption
ate was obtained, and can be written as follows:

abs= P253.7µDω

2L
(41)

TheµD values are experimentally determined and the
ameterω in Eq. (40) can be solved numerically. OnceµD,
, andP253.7 are known, Eq.(41) allows the determinatio
f Wabs for each reaction time and the integration ofWabs
ith t can be performed. As an example,Table 2shows the
alculation for the experiment UV-3 carried out at 298 K
H 8.14, where theWabsdecreases with reaction time.

Fig. 5 shows the temporal integration ofWabs versus
CD,0–CD) with various operating conditions. TheφD val-
es of the experiments obtained fromFig. 5 were tabulate

n Table 1. As shown inFig. 5, the straight line is a good
o the data points, indicating that the kinetics model der
rom the proposed photodegradation mechanism is re
ble.
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Fig. 5. Determination of the overall quantum yieldsφD with variation in (expe nd
concentrations of dissolved oxygen. (b) Radiation flow rates of UV lamp. (c)

Fig. 5a shows that the dissolved oxygen has signif-
icant impact on the quantum yield, which varied from
0.46× 10−3 without dissolved oxygen to 1.54× 10−3 and
7.35× 10−3 with dissolved oxygen of 0.24× 10−3 and
1.21× 10−3 M, respectively. On the contrary, the oxygen

fl tum
y

ow
r are
i

rimental conditions are listed inTable 1). (a) Carrier gas flow rates, a
Initial concentrations of dye. (d) pHs. (e) Temperatures.

ow rate did not show any impact on the overall quan
ield.

FromFig. 5b–d, it can be inferred that the radiation fl
ate of UV lamp, the initial concentration of dye, and pH
ndependent of overall quantum yield (Eq.(31)).
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Fig. 6. The plot ofnac vs. t (�) Lamp = 10 W. (�) Lamp = 30 W.

The concentration of dissolved oxygen decreases with the
increasing temperature as shown inTable 1. Fig. 5e also
shows that the temperature has negative effect on the overall
quantum yield, which varies from 8.54× 10−3 at 288 K to
5.53× 10−3 at 308 K.

Summarizing the above results, the overall quantum yield
in the absence oft-BuOH is a function of temperature and
concentration of dissolved oxygen. Therefore, after non-
linear regression analysis, the overall quantum yields of UV-
1–UV-16 inTable 1can be correlated to a function of the tem-
perature and concentration of dissolved oxygen in a modified
Arrhenius expression:

φD = φ0 exp

(−Ea

RT

)
exp(ξCoxygen)

= 7.36× 10−2exp

(−11298

RT

)
exp(1850Coxygen),

r = 0.9693 (42)

which Ea being the activation energy of photodegradation,
11.3 kJ mol−1.

4. Conclusion

f Di-
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which varied from 8.54× 10−3 at 288 K to 5.53× 10−3 at
308 K.

The overall quantum yield correlation is a function of the
temperature and dissolved oxygen in a modified Arrhenius
expression with activation energy of 11.3 kJ mol−1 as

φD = φ0 exp

(−Ea

RT

)
exp(ξCoxygen)

= 7.36× 10−2exp

(−11298

RT

)
exp(1850Coxygen)

The experimental results prove that the proposed pho-
todegradation mechanism and the kinetics model are appro-
priate and reasonable.

Appendix A

In this study, the potassium ferrioxalate actinometry was
used to determine the radiation flow rate of lampP253.7[12].
The overall photochemical reaction of the potassium ferriox-
alate, which has the overall quantum yieldφac,253.7of 1.25
at 253.7 nm consists of the reduction of ferric ions to ferrous
ions:

2

the
i
T pe-
r ring
t een
t ions
a fore
w en-
s rous
c

i-
a
a of
2 be
c
a

N

x-
a ength
o
p

P

w at
w e
o h of
There are four possible photodegradation pathways o
cryl Red X-GRL under the UV radiation of 253.7 nm

he presence of dissolved oxygen: homolysis of excited
o radicals; electron transfer of excited dye to form rad
ye cation; decomposition by superoxide radical anion;
ecomposition by singlet oxygen.

The photodegradation of dye by UV is strongly dep
ent on temperature, radiation flow rate of UV lamp,
oncentrations of dissolved oxygen andt-BuOH. The overa
uantum yield is enhanced enormously from 0.46× 10−3 in

he absence of dissolved oxygen to 7.35× 10−3 in the pres
nce of dissolved oxygen of 1.21× 10−3 M. However, the

emperature has negative effect on the overall quantum
Fe3+ + C2O2−
4

253.7nm−→ 2Fe2+ + 2CO2 (A.1)

A series of experiments were performed at pH 1, with
nitial concentration of potassium ferrioxalate of 6× 10−3 M.
he quantity of ferrous ions formed during the radiation
iod was determined spectrophotometrically by measu
he absorbance at 510 nm for the complex formed betw
hese ions and 1,10-phenantroline. The original ferric
re weakly complexed by 1,10-phenantroline, and there
ill not absorb at 510 nm. This analytical method is very s
itive because the molar extinction coefficient of the fer
omplex at 510 nm is 1.11× 104 M–1 cm–1.

The number of ferrous ionsnac formed during the irrad
tion periodt was determined from the slope ofnac versust
s plotted inFig. 6. The number of photons of wavelength
53.7 nmNac,253.7absorbed during the same period can
alculated usingnac and the overall quantum yieldφac,253.7
s,

ac,253.7 = nac

φac,253.7
(A.2)

As the reaction(A.1) is a simple reaction, and ferrio
late is the only substance which absorbs at the wavel
f 253.7 nm, then application of Beer–Lambert’s law[12],
rovides:

ac,253.7 = P253.7(1 − 10−Aac,253.7) (A.3)

hereP253.7 being the radiation flow rate of UV lamp
avelength of 253.7 nm, Einstein s−1;Pac,253.7being the rat
f photon absorption by the actinometer at wavelengt
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253.7 nm, Einstein s−1; Aac,253.7being the absorbance of the
potassium ferrioxalate solution at wavelength of 253.7 nm.

AsAac, 253.7is greater than two during the entire radiation
period of the experiments, the amount of light absorbed is
greater than 99% of the light received, corresponding to the
total absorption of light by the actinometric solution. Eq.
(A.3) becomes:

Pac,253.7 = P253.7 (A.4)

According to Eq.(A.2), the rate of photon absorption by the
potassium ferrioxalate is:

Pac,253.7 = Nac,253.7

t
(A.5)

Combining Eqs.(A.2), (A.4) and (A.5)gives the radiation
flow rate of lampP253.7:

P253.7 = nac

φac,253.7t
(A.6)

Hence, the radiation flow rateP253.7 emitted by the lamp of
30 and 10 W was determined as (4.47± 0.17)× 10−6 and
(2.40± 0.13)× 10−6 Einstein s−1, respectively.
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