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Abstract

The photocatalytic degradation of Acid Red 27 (AR27) was investigated using UV radiation in the presencgB25i&s a function
of initial concentration of AR27 ([AR27), oxygen concentration ([£)), TiO2-P25 amount, light intensity{), pH and temperature. The
activation energy of the photocatalytic degradation of AR27 was 8.24 kJ'mibhe photocatalytic degradation rate follows pseudo-first
order kinetic with respect to the AR27 concentration. The following rate of decolorization was achieved by kinetic modeling:

—824 0.79[0,] 4.23[AR27]
=5.2941,
rarzr = 529 eXp( RT7)(1+o.79[02]>(1+4.23[AR27]O

The calculated results obtained from above equation were in good agreement with experimental data. This model predicts the concentration
of AR27 during the photodegradation process at different temperatures, light intensities, AR27 and oxygen concentrations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction However, the recent developments of chemical treatment
of wastewaters gave birth to an improvement of the catalytic
Textile finishing mills discharge wastewater containing a and oxidative degradation of organic compounds dissolved
great variety of organic contaminants in a wide range of con- in aqueous medig5—-8]. These are generally referred to
centration. The release of these colored wastewaters posegs “advanced oxidation processes” (AOPs). Among these
a major problem for the industry as well as a threat to the processes photocatalysis systems such as combination of a
environment[1,2]. The number of dyes presently used in semiconductor (Ti@, ZnO, etc.) with UV light is a very
textile industry is about 10 000. Among these dyes, azo dyespromising technique. Due to a faster electron transfer to
constitute the largest and the most important class of com-molecular oxygen, Ti@is found to be more efficient for
mercial dyeq3]. photocatalytic degradation of pollutanfg]. It has been
For the treatment of these dyes biological process is inef- demonstrated that in UV/Ti©process various parameters
fective. Also common treatment processes, e.g. adsorptionaffect the degradation rate of compounds. A few degrada-
on activated carbon, flocculation and electrocoagulation tion kinetic expressions of different compounds have been
[4] are not efficient methods because they appear in solidreported, in particular, the Langmuir-Hinshelwood law has
wastes, thus creating other environmental problems requir-been qualitatively proved in numerous cases of photocat-
ing further treatment. alytic degradatiorj9,10].
In our previous work the effect of operational parameters
on photocatalytic degradation of Acid Red 14 by UV/3iO
" * Corresponding author. Tel+98 411 5275825/3393146; process was reportd], so in the present work a reaction
fax: 498 411 3340191, mechanism and kinetic model of photocatalytic degradation
E-mail addressnezamdaneshvar@yahoo.com (N. Daneshvar). of Acid Red 27 (AR27) using Ti@P25 as catalyst were
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theoretically and experimentally studied, and the kinetic Table 2

parameters were also obtained. Operating conditions of experiments.
Parameters Values
. AR27 initial concentration 5-40mgt
2. Experimental TiO, amount 0-400mgt
Light intensity 0-8.6 Wm?
2.1. Materials Oxygen concentration 1.8-20 ngfl
Temperature 281-315K

H 2.75-10.8
Acid Red 27 (AR27), a monoazo anionic dye, was ob- P

]Ea'nﬁd fromleoyakhl Sazh Comp;lany (Iran) ané:i “ied V‘;]'thom transferred to the reactor. The liquid film was 40 mm thick.
urther puri |Igat|%n_.ﬁ_tsb;: irrll!ca _struc(;t_ure_: dan OtDer charac- after adjusting of temperature and oxygen concentration,
teristics are listed Ifable 1 Titanium dioxide was Degussa o 1amp was switched on to initiate the reaction. During

P-25 andzlgc\;vas ',T th? e;]ne(ljtaserEoTrm (ipproxmateIf)f/ES%OA) irradiation, agitation was maintained to keep the suspen-
anatase, 0 rutile). It had a surlace area o sion homogenous, and at certain reaction intervals, 10 ml

15.ng "~ and an average particle diameter of 21 nm, con- of sample was withdrawn, centrifuged and filtered through

taining 99.5% TiQ. The NaQH and HCI were purchased a 0.2um membrane filter (Schleicher & Schuell, Germany)
from Merck (Germany). Solutions were prepared by dissolv- and the reminiscent dye concentration analyzed with a
ing requisite quantity of the dye in double distilled water. UV-Vis spectrophotometer (Ultrospec 2000, Biotech Phar-
macia, England) at 521 nm. A calibration plot based on

2.2. Photoreactor Beer-Lambers law was established by relating the ab-
sorbance to the concentration. The effect of pH was studied

All experiments were carried out in a batch photoreactor. with adjusting pH by addition of NaOH or HCl in the range
The radiation source was a mercury UV lamp (30 W, UV-C, of 2-11. The measurement of oxygen was carried out by

manufactured by Philips, Holland) which was placed above a an Oximeter (Oxi 538, WTW, Germany). The operative
500 ml jacket Pyrex glass reactor. In the section of the effect conditions of experiments are summarizediable 2

of light intensity, irradiations were carried out using a 4, 8,

15 and 30 W mercury UV lamp. The light intensity in the

center of photoreactor was measured by a Lux-UV-IR meter 3. Kinetic modeling

(Leybold Co.). The reaction temperature was controlled by

circulation of water at the desired temperature through the |t has been well demonstrated that when Fi® illumi-

jacket. For adjusting of oxygen concentration at the desired nated by light X < 390 nm) electrons are promoted from the

level, suspensions were continuously purged with B valence band to the conduction band to give electron-hole

and mixture of both through a gas disperser placed at thepajrs. The holes at the TiOralence band, having an oxida-

bOttom Of the reactor before and during the i”umina.tion. tion potentia| Of+26v versus norma' hydrogen electrode
(NHE) at pH= 7, can oxidize water or hydroxide to pro-

2.3. Procedures duce hydroxyl radicals. The hydroxyl radical is a powerful
oxidizing agent and attacks to organic compounds and inter-

For the photocatalytic degradation of AR27, a solution mediates (Int.) are formed. These intermediates react with

containing known concentration of dye and %i©25 was hydroxyl radicals to produce final products (P), also hy-

prepared and it was allowed to equilibrate for 30 min in droxyl radicals could be consumed by inactive spefié$.

the darkness, then 200 ml of the prepared suspension waur paper reports a simple kinetic model according to the

Table 1
Structure and characteristics of Acid Red 27

Structure Other names C.l. number Amax (nm) My (gmol1)

Nao}s O )
Amaranth 16185 521 604.48
Q Q Azorubin S

SO;Na

Z
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following reactions: Combination ofEgs. (13) and (15 Eq. (8)yields:
i Moo 4 pt k'kik
TiO2 +hv—>€ +h 1) FAR2T = kl Sla[AR27]ads (16)
8
_ k
e +h* 3heat 2 If the Langmuir adsorption model is applied to AR27 in
. this system, then we obtain:
" + HpOags— *OHads+ HT (3) kplaK Ar27[AR27]
FAR27 = 17)
ks 1+ Kar27[AR27]
h+ + OH;dS_) .OHadS (4) . . o
where Kar27 is the adsorption equilibrium constant for
. ks AR27 andk, = K'kiks/ks. Al-Ekabi and Serpong9] and
OHgags+ AR27,45— Int. (%) Chan et al[13] have admitted that the rate must include
' competitive adsorption by solvent, intermediates and pollu-
*OHags+ Int. 3 P (6) tants. Under these reasonable conditions,Bhe (17)can
be written as follows:
*OHags+ Shactive~% inactive species @) kplaK ar27]AR27]
FAR27 = (18)

. S 1+ Karo[AR27] + 3 K G
In the photodegradation of AR27 by UV radiation in the ARzl I+ 2 K

presence of TiQ, it is postulated that the rate-determining In this equatiorK; is the adsorption equilibrium constant
step is the reaction between adsor®€H radicals and  for solvent, intermediates and pollutants. Beltran-Heredia
AR27. The rate of disappearance of the AR27 may be rep- et al.[14] made the following assumption:

resented by:

rar27 = ks[*OH]agdAR27]ads (8)

The concentration of photon-induced holeg)ftan be
obtained by applying steady-state assumption.

Kar27[AR27] + )~ KiCi = Kar27[AR27]o (19)

In this equation [AR27] is the initial concentration of
AR27. With substitutingeqg. (19)in to Eg. (18) we obtain:

kp]aKAR27[AR27]

+ —
U = kata — kol e ] — kol *IH 2Olace AR = T Kool ARZTIo 20
— ka[nt][OH  Jags= 0 9) The limitation of the rate of photocatalytic degradation
d[h*] is also attributed to the recombination of photogenerated
= ky1la — ko[h*][e"Jkg[h*] = 0 (10) hole-electron pairs. The adsorbed oxygen on the surface of
d TiO, prevents the recombination process by trapping elec-
kg = ka[H2O]ads+ ka[OH ] ads (12) trons. Kormann et al[15] and Crittenden et a[16] indi-

_ o - cated a noncompetitive Langmuir-Hinshelwood model for
Terzian and Serponé@2] showed at low light intensities, adsorption of oxygen on the surface of Fi@s follows:
h* trapping competes effectively with electron-hole recom-

bination. o Ko,[02] o
kg[h™] > ko[h*][e] (12) 1+ Ko,[O7]

ThereforeEq. (10)simplifies to; where Ko, is the adsorption equilibrium constant of oxy-

gen. The above equation shows that the reaction rate is pro-

h*] = kl_la (13) portional and independent of oxygen concentration at low
kg and high Q concentration, respectively. Finally, the reaction
Similarly, if the steady-state approximate is used for the fate can be written as follows:
concentration ofOH radicals, we obtain: AR — kpIlaKarR27[AR27]  Ko,[O2] (22)
d[*OH] N e 1+ Kar27lAR27]o 1+ Ko,[02]
= ka[n™][H20]ads + kaln ™ [OH " Jads _ R
d When G concentration and light intensity are constant
—ks[*OH]addAR27]ads — k6[*OHJaddInt ] we may write:
—k7[.OH]adsSnactive= 0 (14) _ kaaKOZ[OZ] (23)
If we suppose that deactivation ®H radicals with in- T 1+ Ko,[O2]
active surfaces (S) is very important than other processes, _ )
we obtain: In this stateEq. (22)can be written as:
kg kcKpar27[AR27
[*OHlags = —o®— [n*] = K[h*] (15)  rapor = —cRARIARZIL ) faRor) (24)

k7Sinactive 1+ Kar27[AR27]o
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where 35
o — kcKar27 (25) = ;2 | 1/kap = 0.7196 [AR27]o + 0.1722
8™ 1 4+ Kar27[AR27]o E 20 | R*=09923
) ) . 15
Eq. (24)shows a pseudo-first order reaction with respect = 0t
to the AR27 concentration. 5+
O 1 1 1 1
0 5 10 15 20 25 30 35 40 45
4. Results and discussion [AR27]o (mgT")

Fig. 2. Plot of reciprocal of pseudo-first order rate constant against initial
concentration of AR27. Ti@=300mg !, T =295+ 2K, neutral pH,
light intensity = 8.6 Wn12, [O2] = 7mglL.

4.1. Influence of operational variables and estimation of
model parameters

4.1.1. Effect of the amount of THO

The effect of different dosages of Ti&P25 on the photo-
catalytic degradation of AR27 was examin&dly. 1 shows
the variation of pseudo-first order rate constant with different 1 1 1
TiO,-P25 dosages. The rate constant was found to increasek_ap = k_C[AR27]0 + keK AR27 (27)
with the increasing amount of TiGP25 and approaching a
limiting value at high dosage. The reason of this observation A plot of the 1kap against [AR27) gives the values of
is thought to be the fact that at the concentration range from slope (1k:) and intercept (k Karz7) (Fig. 2). From the
0 to 300 mgt? the observed enhancement in pseudo-first intercept and slope of this curvis and Karz7 values for
order rate constant is probably due to an increased num-AR27 were found to be 1.39 mgtmin~* and 4.23 mg*|,
ber of available adsorption and catalytic sites on;FE25. respectively.
A further increase in catalyst loading, may cause opacity
and light scattering and thus decrease in the passage of ir4-1.3. Effect of reaction temperature
radiation through the solution. Effect of TsP25 amount In a range of 280-315K a linear relationship between

on pseudo-first order rate constakyg was fitted with a  [Nkap and 1T was observed. The slope of this straight line
Langmuir-type expression: was 991.93, which corresponds to an activation energy of

8.24kJmot? (Fig. 3). This value is in agreement with the

of AR27. Eg. (25)can be tested using experimental data
after transforming it to a straight-line equation as follows:

kap = M (26) findings for photocatalytic reactions. A comparison of acti-
1+ Krio,[TiO7] vation energy obtained in this study with the data in the liter-
Values ofkg and Ktio, were obtained from the nonlin- ~ ature listed inTable 3 The values listed ifable 3show the
ear regression of the experimental dataEm. (26) as ko semiconductor photocatalysis is usually not very tempera-
= 0.1 mirm! and KTio, = 0.003mg 1. ture dependent. However, an increase in temperature helped
the reaction to compete more efficiently with-éh™ recom-
4.1.2. Effect of the initial dye (AR27) concentration bination.

It is important from an application point of view to study _
the dependence of removal efficiency on the initial concen- 4.1.4. Effect of oxygen concentration

tration of dye. Experiments shdap decreased with increas- Eq. (22)shows pseudo-first order rate constagp)is a
ing of initial concentration of AR27 when other parameters function of oxygen concentration as follows:
are kept unchanged. Therefore, the degradation rate was k.Ko,[02]
i j init jon kap= S~ 221 28
pseudo-first order with respect to the initial concentration Kap = 77 Ko,[02] (28)
0.06 33
_ 0057 ¢ Experimental * ¢ 32 | Ink, =-991.93 I/T +0.3504
= 0.04 4 3.1 L R2=0.9794
£ 003 |
= s 3t
£ 002 ¢ € kep = 0.0003 [TiO2]/ (1 +0.003 [TiOz] 2 a9l
001 r 8= 0.00005 28 |
0 1 1 1 7 I I I I
0 50 100 150 200 250 300 350 400 450 0.0031  0.0032  0.0033 0.0034 0.0035  0.0036
TiO2 amount (mg 1) /T (K'l)

Fig. 1. Effect of TiQ@ amount on the pseudo-first order rate con- Fig. 3. Effect of reaction temperature on the pseudo-first order rate
stant. [AR27}p = 30mglt?, T = 295+ 2K, neutral pH, light intensity constant. TiQ =300mgl?!, [AR27]p =30mgt?!, pH =5.38, light
=8.6WnT?2, [05] =7mgl™. intensity = 8.6 WnT2, [02] = 7mgl™.
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Table 3
Comparison of activation energy obtained in this study with the data in
the literature for photocatalysis systems

Reactant Catalyst Activation Reference
energy
(kImot1)
Dodecylbenzene TiO, (Merck) 39.1 Daneshvar
sulfonate et al. [5]
Xylenols Ti®-P25 (Degussa) 8.8 Terzian and
Serpon€[12]
4-Chlorophenol TiQ-P25 (Degussa) 55 Al-Sayyed
et al. [17]
Methylene blue TiQ-P25 (Degussa) 8.9 Zhang et al.
[18]
Acid Red 27 TiQ-P25 (Degussa) 8.24 This study
where
kplaKaR27
ke — (29)

~ 1+ Kar27IAR27]o

A plot of the 1kap against 1/[Q] gives a straight line with
a slope 23.93mg min and an intercept of 18.71 min as
shown inFig. 4. From the intercept and slope of this curve,
ke’ and Ko, values were 0.053mirt and 0.79 mg?l,

respectively. The positive influence of oxygen concentra-
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0.06
0.05
0.04
0.03
0.02
0.01

0 L L L L L L L L

0 1 2 3 4 5 6 7 8 9
I (Wm?)

R?=0.9992

kap (min-l)

Fig. 5. Plot of pseudo-first order rate constant against light intensity, TiO
=300mgt?l, [AR27]p =30mgl?, T = 295+ 2K, pH = 5.38, [®]
=7mgl?t.

4.1.6. Effect of the initial pH

The pH value is an important operational variable in actual
wastewater treatment. In photocatalysis systems, pH value
is also one of the factors influencing the rate of degradation.
Results obtained from experiments with varying pH from
2.75t0 10.80 are illustrated Fig. 6. From the plot, it is de-
duced that the pseudo-first order rate constag) (s higher
in the acidic and basic conditions. The zero point charge
(zpc) for TiG, is at pH between 5.6 and 6.4. Hence, at more
acidic pH values, the catalyst surface is positively charged,

tion in photocatalysis system can be related to enhance theVhile at pH values above 5.6, it is negatively charfet].
separation of photogenerated electron-hole pairs, herebySince the dye has three sulfonic groupsiniits structure, which

increasing hydroxyl radical concentration.

4.1.5. Effect of light intensity
The pseudo-first order rate constakgy in the low inten-
sities is proportional with light intensity with the following

relationship:

A plot of kap versusl, yielded straight line and showed

is negatively charged, the acidic solution favors adsorption of
dye onto photocatalyst surface, thiyg increases. Increas-
ing of thekyp under alkaline condition could be attributed to
the increase of hydroxyl ions which induces more hydroxyl
radical formation.

4.2. Development of rate equation

As discussed in the previous sections, the rate of pho-
todegradation is a function of initial concentration of AR27,

that the experimental data are in good agreement with ki- oxygen concentration, light intensity and temperature as

netic model Fig. 5). Previous studies indicated that at low
intensity level the reaction rate is proportional to the light
intensity [12]. This result indicated that the electron-hole

pairs are consumed more rapidly by chemical reactions than

by recombination.

35
2 30F
g
2
& Vkap = 23.929 1/[02] + 18.707

20 r R =0.9861

15 L 1 1 1

0 0.1 02 03 04 0.5 0.6
1/[02] (mg™ 1)

follows:

—E, K02 [02]
= Ia
rar2? = kp eXp< RT) (1+1<o2 [05]
( Kar27[AR27] )

31
1+ Kar27[AR27]g 1)

0.06
0.05
0.04
0.03
0.02
0.01

0

kap (l”flinAl )

275 5.38 778 9.5

pH

1080

Fig. 4. Plot of reciprocal of pseudo-first order rate constant against recip- Fig. 6. Effect of pH on the pseudo-first order rate constant.,TiO

rocal of oxygen concentration. TiG= 300mg?, [AR27]p = 30mgl1,
T =295+ 2K, pH = 5.38, light intensity= 8.6 W nr 2.

=300mglt?, [AR27]g =30mgl?!, T = 295+ 2K, light intensity
=8.6WnT?2, [0;] =7mgl™.
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. ¢ [AR27]=4.97 mg -1
40 4 * Experimental [ARZ7] = 14.21 "
X =14.21 mgl-
~ 35 — Calculated &
= 30 ¢ ® [AR27]=29.01 mgl-1
g 25 _
= 50 A [AR27]=39.81 mgl-1
'é 15
< 10
T 54
0
0 10 20 30 40 50 60 70 80

[Ilumination time (min)

Fig. 7. Experimental and calculated AR27 concentration versus irradia-
tion time for different AR27 initial concentrations. Refer Eag. 2 for
experimental details.

30 ) N

25 * Experimental ®[02]=1.8 mgl-1
P _ A [O2]=54mgl-1
‘;ﬂ 20 —— Calculated
= X[02] =7 mgl-1
= 15
=
g 10t
<
= 5

0 L . .

0 10 20 30 40 50 60 70 80

[Nlumination time (min)

Fig. 8. Experimental and calculated AR27 concentration versus irradiation
time for different oxygen concentrations. ReferRig. 4 for experimental
details.

From previous sectionsKo, and Kar27 values were
estimated from experimental data. Since, [ARRTP-],
la, T, Ko, and Kar27 are known, we can calculate, as
5.924 mgttmin~?W-1m?. Substituting these values to

Eqg. (31) we obtain:
—824
FAR27 = 5.2941aexp< RT7) ( )

The calculated results froag. (32)correlated the exper-
imental results well as shown Ifigs. 7-10

0.79[03]
1+ 0.79[02]

4.23[AR27]

1+ 4.23[AR27p (32)

30 4 * Experimental ¢ la=2.8 W m-2
o B — Calculated  Ala=7.4 W m-2
@ 20 - Xla=8.6W m-2
= 15
=
& 10 -
=

0 10 20 30 40 50 60 70 80

[llumination time (min)

Fig. 9. Experimental and calculated AR27 concentration versus irradiation
time for different light intensities. Refer tig. 5for experimental details.
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30
25

!
BT =281+2K

XT=295+2K
®T=315+2K

* Experimental

Calculated

[AR27] (mg ')

20 30 40 50 60 70 80

Illumination time (min)

Fig. 10. Experimental and calculated AR27 concentration versus irradi-
ation time at different temperatures. Refer F@. 3 for experimental
details.

5. Conclusions

AR27, an anionic monoazo dye of acid class, can be eas-
ily degraded by UV radiation in the presence of 7iB25
as a photocatalyst. The pseudo-first order rate constant
(kap) is sensitive to the operational parameters. Kgds a
function of pH value and is higher in the acidic conditions.
The activation energy of the photocatalytic degradation of
AR27 is 8.24kJmotl. The photocatalytic degradation of
AR27 can be explained in terms of Langmuir-Hinshelwood
kinetic model. AR27 adsorption occurs in competitive with
that of the solvent, pollutants and intermediates and the
dissolved oxygen adsorption occurs at different sites. On
the basis of these assumptions and kinetic modeling, AR27
concentration profiles can be predicted in different initial
concentrations of AR27, oxygen concentrations, light inten-
sities and temperatures. The results obtained from kinetic
modeling are in good agreement with experimental data.
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