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bstract

This study characterizes the ozonation of the azo dye Cationic Red X-GRL in the presence of TBA (tert-butyl alcohol), a scavenger of hydroxyl
adical, in a bubble column reactor. Effects of oxygen flow rate, temperature, initial dye concentration, and pH were investigated through a series
f batch tests. Generally, enhancing oxygen flow rate enhanced the removal of dye. However, there was a minimum removal of dye at temperature
98 K. Increasing or decreasing temperature enhanced the degradation of dye. Increasing the initial dye concentration decreased the removal of dye
hile the ozonation rate increased. The rate constants and the kinetic regime of the reaction between ozone and dye were obtained by fitting the
xperimental data to a kinetics model based on a second order overall reaction, first order with respect to both ozone and dye. The Hatta numbers
f the reactions were between 0.039 and 0.083, which indicated that the reaction occurred in the liquid bulk. The direct oxidation rate constant kD

as correlated with temperature by a modified Arrhenius Equation with an activation energy Ea of 15.538 kJ mol−1.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The treatment of textile wastewater is an environmental con-
ern since the associated color of textile wastewater is quite
oticeable to the public, and some dyes in textile wastewater may
ave carcinogenic and/or teratogenic effects on public health. A
ot of researches have demonstrated that conventional treatment
rocesses cannot efficiently remove dyes from textile wastewa-
er, because of dyes’ stability to light, and biological degradation
1]. Ozonation, an easy-operated oxidation technology, is very
ffective in treating wastewaters containing recalcitrant com-
ounds [2]. Ozone and hydroxyl radicals (•OH) generated by
zone in the aqueous solution are able to break aromatic rings of
yes. Typically, ozonation rarely leads to the complete mineral-
zation but partial oxidation of dyes to organic acids, aldehydes,

nd ketones [3]. During the ozonation process, dyes lose their
olor due to the oxidative cleavage of the chromophores. The
leavage of carbon–carbon double bonds and other functional

∗ Corresponding author. Tel.: +86 571 8795 1239; fax: +86 571 8795 2771.
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roups with high electron densities will shift the absorption spec-
ra of the molecule out of the visible region [4].

The role of ozonation in treating several organic substances
as been examined by different researchers [5–9]. However,
ost of these works paid little attention to the interaction

etween gas–liquid mass transfer and chemical reaction, and
here are only a few kinetic data available for those processes
9–12].

Cationic Red X-GRL, an azo dye, was selected as the model
ollutant for this study because it is not biodegradable by the
onventional activated sludge process [13], and it is widely used
n the textile, color solvent, ink, paint, varnish, paper, and plastic
ndustries.

tert-Butyl alcohol used in the present work is practically inert
oward ozone [kD ≤ 3 × 10−3 M−1 s−1], it acts as an hydroxyl
adical scavenger [kR = 6 × 108 M−1 s−1] and inhibits the chain
eaction between •OH and dye [14]. The mass transfer and ozone
irect oxidation of Cationic Red X-GRL in aqueous solutions

as investigated simultaneously to obtain the kinetic parame-

ers: reaction orders and rate constants. The enhancement factor
nd the kinetic regime of absorption were also determined by
tting the experimental data with a film mass transfer model.

mailto:weirong@mail.hz.zj.cn
dx.doi.org/10.1016/j.jhazmat.2006.05.032
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Fig. 1. Structural formula of Cationic Red X-GRL.

. Material and methods

.1. Reagents

The commercial azo dye Cationic Red X-GRL (Xinya Silk
eaving Mill, Wujiang, Jiangshu, China), 5-[4-(benzyl-methyl-

mino)-phenylazo]-1,4-dimethyl-4H-[1,2,4]triazol-1-ium chlo-
ide, was purified by the methanol recrystallization method
efore used. As shown in Fig. 1, its cation part connects with a
hloride ion by ionic bond. The molecular weight of the dye is
56.84 g mol−1, and the dye has a maximum UV–vis absorbance
t 530 nm. Indigo trisulfonate was purchased from Fluka Chem-
cal, USA.

Ionic strength of 5.0 M concentrated phosphate buffer solu-
ions was prepared by mixing a calculated amount of sodium
ydroxide solution and a phosphoric acid solution.

.2. Apparatus

A schematic of the experimental set-up for ozonation is
epicted in Fig. 2. Ozone was produced from dry and pure oxy-
en by a CHYF-3A model ozone generator (Rongxing Elec. Co.
td., China) that is able to generate a maximum of 3 g ozone h−1.
he 3.5 L Pyrex glass bubble column reactor was equipped with
few inlets for bubbling the feed gas, sampling, venting, and
easuring temperature. Excess ozone was passed into two gas

bsorption bottles containing 2% KI solution. All tubes from
he ozone generator to the reactor and the gas absorption bottles
ere made of Neoprene and the fittings were made of Teflon.
he experiments were carried out in a thermostatic bath to keep

he temperature at the desired value ±0.5 ◦C.
.3. Ozonation of Cationic Red X-GRL

Dye ozonation experiments were conducted in the bubble col-
mn reactor containing 3.5 L dye solutions. The dye solutions

ig. 2. Schematic of the experimental set-up: (1) ozone generator; (2) rotameter;
3) temperature controller; (4) electrical heater; (5) thermocouple; (6) bubble
olumn reactor; (7) thermostatic bath; (8) absorption bottle; (9) three-way valve;
10) porous plate; (11) to input ozone gas detection; (12) to off gas detection.
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ere buffered by phosphate buffer solutions to reach a desired
H. The ionic strength of the dye solutions was controlled at
.1 M. The concentration of tert-butyl alcohol in the dye solu-
ions was maintained at 50 mM to avoid the oxidation of dye
y hydroxyl radicals. Before the reaction, the ozone concentra-
ion in ozone–oxygen mixture stream from ozone generator was
etermined. Once the ozonation process started, samples were
aken from reactor periodically to analyze the concentration of
ationic Red X-GRL and dissolved ozone.

.4. Reaction ratio between ozone and Cationic Red X-GRL

The reaction stoichiometric ratio z between ozone and
ationic Red X-GRL was determined as follows. Excess
ationic Red X-GRL (high concentration of dye and limited
zone) and ozone solutions were mixed quickly to assure the
omplete consumption of ozone at an instantaneous rate. 50 mM
ert-butyl alcohol was maintained in the aqueous solutions to
void the side reaction between dye and hydroxyl radicals. The
zone solutions were prepared by bubbling an ozone–oxygen
ixture stream into high purity water (0.1 �S conductivity) ca.

0 min till saturation. The reaction ratio z between ozone and
ationic Red X-GRL is calculated using Eq. (1):

= CA,0

CB,0 − CB
(1)

here CA,0 is the initial dissolved ozone concentration, CB,0 the
nitial dye concentration, and CB is the remaining dye concen-
ration in the solution.

.5. Analytical methods

TU1800PC UV–vis spectrophotometer (Pgenral Analytical
nstrument Co. Ltd., Beijing, China) was used to determine the
oncentrations of Cationic Red X-GRL.

The pH value was measured by pHS-25 (Rex Analytical
nstrument Co. Ltd., Shanghai, China). The input and off gas
ass concentration of ozone was determined by iodometrical
ethod [15]. The partial pressure of the ozone gas PA was deter-
ined by the difference of input and off gas mass concentration

f ozone. The concentration of ozone in solutions was also mea-
ured colorimetrically by the Indigo method [16].

. Results and discussion

.1. Determination of kL and a

In order to investigate the mass transfer process of dye oxi-
ation by ozone, preliminary experiments [17] were conducted
o determine the mass transfer coefficient kL (ozone to liquid
hase) and the interfacial area a. In these experiments, pure car-
on dioxide was bubbled into sodium carbonate–bicarbonate
0.5–0.5 M) buffer solutions with sodium arsenite as catalyst.

he kinetics of this absorption reaction is in the pseudo-first
rder kinetic regime. The mass transfer coefficient kL of CO2
dsorption and the interfacial area a were obtained using the
Danckwerts’s plot method” [12]. The mass transfer coefficients
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Table 1
Interfacial areas and mass transfer coefficient values

T (K) Qg (L h−1) kL × 105 (m s−1) a (m−1) kLa × 103 (s−1)

288 100 8.19 110.2 9.02
293 100 9.83 107.3 10.55
298 100 12.17 105.1 12.79
303 100 13.52 100.5 13.59
308 100 14.96 96.6 14.45
2
2
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98 70 10.04 72.3 7.26
98 40 8.25 60.8 5.01

f ozone to liquid phase were then determined through Eq. (2)
12]:

L = k′
L

(
DA

DC

)1/2

(2)

here kL is the mass transfer coefficient of ozone to liquid
hase, k′

L the mass transfer coefficient of carbon dioxide absorp-
ion into sodium carbonate–bicarbonate solution, DA the dif-
usivity of ozone in liquid phase obtained from Matrozov et
l. [18] and DC is the diffusivity of carbon dioxide in liquid
hase.

The kL and a values for various temperatures T and oxygen
ow rates Qg are summarized in Table 1.

.2. Determination of stoichiometric ratio

Fig. 3 shows that a stoichiometric ratio z of 4 between ozone
nd dye was achieved at various pHs (3.15, 5.75, 8.14, and 9.24).
t can be observed in Fig. 3 that z takes a high value and decreases,
s the initial dye/ozone ratio increases until it reaches a constant
alue.

There are two different reaction pathways between ozone and

rganic compounds [3]: direct attack of ozone and free radical
ttack of hydroxyl radical. Fig. 3 shows that almost same stoi-
hiometric ratios were achieved at different pHs, which indicates
hat the reaction is mainly due to ozone direct attack, while the

c
b
b
[

ig. 4. Simplified degradation pathways of Cationic Red X-GRL. D1 = benzaldehyde
ienedial; D4 = N-formyl-N-methyl-formamide; S4 = ozonation intermediate.
ig. 3. Determination of the stoichiometric ratios for the ozone–dye reactions.

ormation of radicals by ozone decomposition, and hence rad-
cal attack, is almost negligible. This is due to the fact that the
ert-butyl alcohol used in the buffer solutions are scavengers of
ree radicals [3].

The fact that 1 mol dye consumed 4 moles ozone can be
xplained by a simplified degradation mechanism of Cationic
ed X-GRL by ozone [13] as depicted in Fig. 4. During ozona-

ion, the first ozone molecule was consumed in the cleavage of
ye (reaction (1)) to nitrite ion, compound D1, and S4. The sec-
nd ozone molecule was consumed in the oxidation of nitrite
on to nitrate ion (direct reaction rate kD of reaction (3) is
.7 × 105 M−1 s−1 [19]). The third ozone molecule was con-
umed in the decomposition of compound S4 to compound D2
nd D3 (reaction (4)). The fourth ozone molecule was con-
umed in the cleavage of heterocyclic ring of compound D2
o compound D4 (reaction (5)). It is noteworthy that the ozone
onsumption rates of reactions (2), (6), and (7) were negligible

ecause aldehyes or ketones are very recalcitrated to be oxidized
y ozone (direct reaction rate kD of reaction (2) is 2.5 M−1 s−1

20]).

; D2 = 2,4-dimethyl-2,4-dihydro-[1,2,4] triazol-3-one; D3 = 3-methyl-hexa-2,4-
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ig. 5. Effect of process variables on conversion of dye. (a) Effect of pHs. Run
emperatures. Runs 2, 11–14 (Table 2). (d) Effect of initial concentrations of dy

.3. Influence of reaction variables
Fig. 5 shows the conversion of dye with time for a set of
xperiments carried out under different oxygen flow rate, initial
ye concentration CB,0, temperature, and pH. The experimental
arameters and results are listed in Table 2.

d
F

t

able 2
xperimental conditions and calculation results

un T (K) pH Qg (L h−1) PA (kPa) C∗
A
† × 104

1 298 3.15 100 1.74 1.40
2 298 5.75 100 1.71 1.30
3 298 8.14 100 1.77 1.22
4 298 9.24 100 1.75 1.18
5 298 3.15 100 1.75 1.40
6 298 5.75 100 1.70 1.26
7 298 8.14 100 1.68 1.17
8 298 9.24 100 1.76 1.19
9 298 8.14 70 1.78 1.22
0 298 8.14 40 1.74 1.22
1 288 5.75 100 1.82 1.67
2 293 5.75 100 1.80 1.47
3 303 5.75 100 1.77 1.16
4 308 5.75 100 1.76 1.04

† The equilibrium concentration of ozone in water C∗
A was deduced by Henry’s law

ere obtained from Sotelo et al. [21].
(Table 2). (b) Effect of oxygen flow rates. Runs 3, 9–10 (Table 2). (c) Effect of
ns 2, 6 (Table 2).

As mentioned before, the dye degradation caused by radical
ttack is negligible in this study. Therefore, the increase of pH

id not cause obvious enhanced removal of dye as depicted in
ig. 5a.

However, the oxygen flow rates have a positive effect on
he dye degradation. As shown in Fig. 5b, at 6 min the con-

(M) CB,0 × 104 (M) E kD (M−1 s−1) Ha × 103

1.28 1.08 203 52
1.32 1.18 206 53
1.27 1.45 203 52
1.49 1.61 202 56
2.09 1.37 203 67
2.10 1.59 209 68
2.13 1.92 198 66
2.21 1.95 209 69
1.30 2.52 199 63
1.46 2.42 205 83
1.40 1.40 161 63
1.44 1.29 192 60
1.43 1.36 225 53
1.44 1.60 252 56

; while the Henry’s law constants of ozone as a function of pH and temperature
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ig. 6. Aqueous ozone concentration accumulation with reaction time. Runs
–4 (Table 2).

ersions of dye were 93, 87, and 67% for the oxygen flow rates
f 100, 70, and 40 L h−1, respectively. As shown in Table 1, at
98 K the volumetric mass transfer coefficient kLa of bubble
olumn reactor increased from 5.01 × 10−3 s−1 at the oxygen
ow rate of 40 L h−1 to 7.26 × 10−3 s−1 at the oxygen flow rate
f 70 L h−1, and 12.79 × 10−3 s−1 at the oxygen flow rate of
00 L h−1, respectively. It is worthy to mention that the partial
ressures of the ozone gas PA were quite stable in our study as
hown in Table 2 (Runs 3, 9–10). In addition, the ozone mass
ransfer rate was proportional to the volumetric mass transfer
oefficient kLa of the bubble column reactor.

The effect of temperature on the conversion of dye is shown
n Fig. 5c. At 6 min, the conversions of dye were 88, 86, 85,
7, and 91% for reaction temperatures of 288, 293, 298, 303,
nd 308 K, respectively. A minimum conversion of dye was
bserved at temperature 298 K. This is because if temperature
ncreased the reaction rate constant and the volumetric mass
ransfer coefficient kLa of bubble column reactor increased
Table 1), however the ozone equilibrium concentration [21]
ecreased correspondingly.

Fig. 5d shows the evolution of the conversion of dye with
ime for experiments carried out at different initial dye concen-
ration. At a given time, an increase of initial dye concentration
ed to a decreased conversion of dye though the ozonation rate
ncreased. Thus, at 6 min, 96% dye conversion was reached
f the initial dye concentration was 1.32 × 10−4 M, while ca.
3% conversion was reached if the initial dye concentration
as 2.10 × 10−4 M. However, initial dye removal rates were
.60 × 10−7 and 6.15 × 10−7 M s−1 for initial dye concentra-
ions of 1.32 × 10−4 and 2.10 × 10−4 M, respectively.

It is noteworthy that the aqueous ozone concentration accu-
ulates with reaction time, as shown in Fig. 6. This accumula-

ion can be explained by the slow reaction kinetics between dye
nd ozone, which will be confirmed afterwards.
.4. Kinetic study

According to the film theory, when the absorption of a gas
nto a liquid solution is accompanied by an irreversible chemical

i
k
k
c

aterials B137 (2006) 1859–1865 1863

eaction with another compound dissolved in the liquid, this
eaction can occur in the liquid bulk (slow kinetic regime), in
he liquid film (fast kinetic regime), or in both liquid film and
he diffusion film (moderate fast kinetic regime), depending on
he operating and kinetic variables [22].

The gas absorption rate with slow kinetic regime reaction can
e described by Eq. (3):

Aa = kLaC∗
AE (3)

here NAa is the ozone absorption rate of liquid phase, kLa the
olumetric mass transfer coefficient of bubble column reactor,
∗
A the equilibrium concentration of ozone in water and E is the
nhancement factor defined as the ratio of the rate of absorption
n the presence of a chemical reaction to the maximum rate of
ure physical absorption.

The ozone absorption rate is the combination of its consump-
ion rate by dye and its accumulation rate in liquid phase:

Aa = −zdCB

dt
+ dCA

dt
(4)

here z is the reaction ratio between ozone and Cationic Red
-GRL, CB the concentration of dye in liquid phase, CA the

oncentration of ozone in liquid phase and t is the reaction time.
n all the experiments, the values of dCA/dt were always found to
e less than 6% of the values of −zdCB/dt. In order to simplify
he mathematical model, the term of dCA/dt is ignored in the
ollowing discussion. Thus

Aa = −zdCB

dt
(5)

Combining Eqs. (3) and (5) together, the enhancement factor
can be deduced as following equation:

= − zdCB

kLaC∗
A dt

(6)

The values of dCB/dt can be determined through fitting the
xperimental data (CB, t) to a polynomial expression by least
quare regression analysis. Table 2 shows the E values obtained
t t = 0. As shown in Table 2, the E values were less than 3,
ndicating that the reaction in the liquid bulk was slow [22].
ssuming that the degradation rate of dye follows first order
inetic with respect to both ozone and dye, we get:

dCB

dt
= kDCBCA (7)

here kD is the ozone direct oxidation rate constant.
Then,

ln

(
CB

CB,0

)
= kD

∫ t

0
CA dt (8)

D can be calculated by linear regression analysis with exper-

mental data given in Table 2. Fig. 7 shows the calculation of
D which were strongly influenced by temperature. However,
D was not influenced by pH, oxygen flow rate, and initial dye
oncentration as shown in Table 2.
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Fig. 7. Determination of kD with temperature. Runs 2, 11–14 (Table 2).

Through Arrhenius Equation:

D = k0 exp

(−Ea

RT

)
(9)

ctivation energy Ea of the ozonation of Cationic Red X-GRL
an be calculated. Fig. 8 depicts the Arrhenius plot of the natu-
al logarithm of the kD versus 1/T for the ozonation of Cationic
ed X-GRL. The activation energy Ea was calculated to be
5.538 kJ mol−1 and k0 = 1.0881 × 105 M−1 s−1.

In order to determine that the reaction between ozone and
ationic Red X-GRL occurred in the liquid bulk or in the liquid
lm or in both, dimensionless Hatta number Ha was calculated
or all experiments. Hatta number allows ascertaining the type of
inetic regime [22]: for low values of Ha, between 0.02 and 0.3,
ndicate that the reaction occurs in the slow regime; for values
igher than 3, in the fast regime; and for values between 0.3 and
, in the moderately fast regime. For a second order irreversible

eaction, the Hatta number takes the form [22]:

a =
(

DAkCB

k2
L

)1/2

(10)

Fig. 8. Plot of ln (kD) vs. 1/T.

[

aterials B137 (2006) 1859–1865

Table 2 shows that the calculated Ha values for the initial
eriod of reaction were always between 0.052 and 0.083. Thus,
he reaction between ozone and Cationic Red X-GRL is in slow
inetics regime and occurred in the bulk phase for all performed
xperiments.

. Conclusion

The results obtained in this work indicate that the absorption
f ozone into aqueous solutions of the Cationic Red X-GRL
as accompanied by an irreversible second order reaction. The

eaction between ozone and Cationic Red X-GRL occurred in
he liquid bulk, corresponding to the slow kinetic regime. The
nfluence of operating variables like oxygen flow rate, initial dye
oncentration, temperature, and pH was also established. The
inetic rate constants were correlated with Arrhenius Equation
y the expression:

D= k0 exp

(−Ea

RT

)
= 108, 810 exp

(−15, 538

RT

)
(M−1 s−1)

(11)
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[3] J. Staehelin, J. Hoigné, Decomposition of ozone in water in the presence of
organic solutes acting as promoters and inhibitors of radical chain reactions,
Environ. Sci. Technol. 19 (1985) 1206–1213.

[4] H.Y. Shu, C.R. Huang, M.C. Chang, Decolorization of mono-azo dyes in
wastewater by advanced oxidation process: a case study of acid red 1 and
acid yellow 23, Chemosphere 29 (1994) 2597–2607.

[5] H.Y. Shu, M.C. Chang, Pre-ozonation coupled with UV/H2O2 process for
the decolorization and mineralization of cotton dyeing effluent and syn-
thesized C. I. Direct Black 22 wastewater, J. Hazard. Mater. B 121 (2005)
127–133.

[6] H.Y. Shu, M.C. Chang, Decolorization effects of six azo dyes by
O3, UV/O3 and UV/H2O2 processes, Dyes Pigments 65 (2005) 25–
31.

[7] H. Selcuk, Decolorization and detoxification of textile wastewater by
ozonation and coagulation processes, Dyes Pigments 64 (2005) 217–
222.

[8] M. Neamtu, A. Yediler, I. Siminiceanua, M. Macoveanua, A. Kettrup,
Decolorization of disperse red 354 azo dye in water by several oxidation
processes-a comparative study, Dyes Pigments 60 (2004) 61–68.

[9] Y.H. Chen, C.Y. Chang, S.F. Huang, N.C. Shang, C.Y. Chiu, Y.H. Yu, P.C.
Chiang, J.L. Shie, C.S. Chiou, Decomposition of 2-naphthalenesulfonate in
electroplating solution by ozonation with UV radiation, J. Hazard. Mater.

B 118 (2005) 177–183.
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