Journal of Hazardous Materials B137 (2006) 1859-1865

Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

Ozone direct oxidation kinetics of Cationic Red X-GRL in
aqueous solution

Weirong Zhao *, Zhongbiao Wu, Dahui Wang

Department of Environmental Engineering, Zhejiang University, Hangzhou 310027, China

Received 9 February 2006; received in revised form 4 May 2006; accepted 10 May 2006
Available online 16 May 2006

Abstract

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
radical, in a bubble column reactor. Effects of oxygen flow rate, temperature, initial dye concentration, and pH were investigated through a series
of batch tests. Generally, enhancing oxygen flow rate enhanced the removal of dye. However, there was a minimum removal of dye at temperature
298 K. Increasing or decreasing temperature enhanced the degradation of dye. Increasing the initial dye concentration decreased the removal of dye
while the ozonation rate increased. The rate constants and the kinetic regime of the reaction between ozone and dye were obtained by fitting the
experimental data to a kinetics model based on a second order overall reaction, first order with respect to both ozone and dye. The Hatta numbers
of the reactions were between 0.039 and 0.083, which indicated that the reaction occurred in the liquid bulk. The direct oxidation rate constant kp
was correlated with temperature by a modified Arrhenius Equation with an activation energy E, of 15.538 kJ mol~'.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Ozonation; Kinetics; Mass transfer; Azo dye; Water treatment

1. Introduction

The treatment of textile wastewater is an environmental con-
cern since the associated color of textile wastewater is quite
noticeable to the public, and some dyes in textile wastewater may
have carcinogenic and/or teratogenic effects on public health. A
lot of researches have demonstrated that conventional treatment
processes cannot efficiently remove dyes from textile wastewa-
ter, because of dyes’ stability to light, and biological degradation
[1]. Ozonation, an easy-operated oxidation technology, is very
effective in treating wastewaters containing recalcitrant com-
pounds [2]. Ozone and hydroxyl radicals (*OH) generated by
ozone in the aqueous solution are able to break aromatic rings of
dyes. Typically, ozonation rarely leads to the complete mineral-
ization but partial oxidation of dyes to organic acids, aldehydes,
and ketones [3]. During the ozonation process, dyes lose their
color due to the oxidative cleavage of the chromophores. The
cleavage of carbon—carbon double bonds and other functional
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groups with high electron densities will shift the absorption spec-
tra of the molecule out of the visible region [4].

The role of ozonation in treating several organic substances
has been examined by different researchers [5-9]. However,
most of these works paid little attention to the interaction
between gas—liquid mass transfer and chemical reaction, and
there are only a few kinetic data available for those processes
[9-12].

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

tert-Butyl alcohol used in the present work is practically inert
toward ozone [kp <3 x 103M! s_l], it acts as an hydroxyl
radical scavenger [kr =6 x 108 M~! s~!] and inhibits the chain
reaction between *OH and dye [14]. The mass transfer and ozone
direct oxidation of Cationic Red X-GRL in aqueous solutions
was investigated simultaneously to obtain the kinetic parame-
ters: reaction orders and rate constants. The enhancement factor
and the kinetic regime of absorption were also determined by
fitting the experimental data with a film mass transfer model.
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Fig. 1. Structural formula of Cationic Red X-GRL.
2. Material and methods
2.1. Reagents

The commercial azo dye Cationic Red X-GRL (Xinya Silk
Weaving Mill, Wujiang, Jiangshu, China), 5-[4-(benzyl-methyl-
amino)-phenylazo]-1,4-dimethyl-4H-[ 1,2 4]triazol-1-ium chlo-
ride, was purified by the methanol recrystallization method
before used. As shown in Fig. 1, its cation part connects with a
chloride ion by ionic bond. The molecular weight of the dye is
356.84 gmol~!, and the dye has a maximum UV-vis absorbance
at 530 nm. Indigo trisulfonate was purchased from Fluka Chem-
ical, USA.

Tonic strength of 5.0 M concentrated phosphate buffer solu-
tions was prepared by mixing a calculated amount of sodium
hydroxide solution and a phosphoric acid solution.

2.2. Apparatus

A schematic of the experimental set-up for ozonation is
depicted in Fig. 2. Ozone was produced from dry and pure oxy-
gen by a CHYF-3A model ozone generator (Rongxing Elec. Co.
Ltd., China) that is able to generate a maximum of 3 g ozone h~!.
The 3.5 L Pyrex glass bubble column reactor was equipped with
a few inlets for bubbling the feed gas, sampling, venting, and
measuring temperature. Excess ozone was passed into two gas
absorption bottles containing 2% KI solution. All tubes from
the ozone generator to the reactor and the gas absorption bottles
were made of Neoprene and the fittings were made of Teflon.
The experiments were carried out in a thermostatic bath to keep
the temperature at the desired value 0.5 °C.

2.3. Ozonation of Cationic Red X-GRL

Dye ozonation experiments were conducted in the bubble col-
umn reactor containing 3.5 L dye solutions. The dye solutions
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Fig. 2. Schematic of the experimental set-up: (1) ozone generator; (2) rotameter;
(3) temperature controller; (4) electrical heater; (5) thermocouple; (6) bubble
column 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.

oxygen
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were buffered by phosphate buffer solutions to reach a desired
pH. The ionic strength of the dye solutions was controlled at
0.1 M. The concentration of fert-butyl alcohol in the dye solu-
tions was maintained at 50 mM to avoid the oxidation of dye
by hydroxyl radicals. Before the reaction, the ozone concentra-
tion in 0zone—oxygen mixture stream from ozone generator was
determined. Once the ozonation process started, samples were
taken from reactor periodically to analyze the concentration of
Cationic Red X-GRL and dissolved ozone.

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

The reaction stoichiometric ratio z between ozone and
Cationic Red X-GRL was determined as follows. Excess
Cationic Red X-GRL (high concentration of dye and limited
ozone) and ozone solutions were mixed quickly to assure the
complete consumption of ozone at an instantaneous rate. 50 mM
tert-butyl alcohol was maintained in the aqueous solutions to
avoid the side reaction between dye and hydroxyl radicals. The
ozone solutions were prepared by bubbling an ozone—oxygen
mixture stream into high purity water (0.1 wS conductivity) ca.
30 min till saturation. The reaction ratio z between ozone and
Cationic Red X-GRL is calculated using Eq. (1):

Ca0

7= 0 (D
Cg,o—Cs

where Cy o is the initial dissolved ozone concentration, Cg  the
initial dye concentration, and Cg is the remaining dye concen-
tration in the solution.

2.5. Analytical methods

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

The pH value was measured by pHS-25 (Rex Analytical
Instrument Co. Ltd., Shanghai, China). The input and off gas
mass concentration of ozone was determined by iodometrical
method [15]. The partial pressure of the ozone gas P was deter-
mined by the difference of input and off gas mass concentration
of ozone. The concentration of ozone in solutions was also mea-
sured colorimetrically by the Indigo method [16].

3. Results and discussion
3.1. Determination of ki, and a

In order to investigate the mass transfer process of dye oxi-
dation by ozone, preliminary experiments [17] were conducted
to determine the mass transfer coefficient k. (ozone to liquid
phase) and the interfacial area a. In these experiments, pure car-
bon dioxide was bubbled into sodium carbonate—bicarbonate
(0.5-0.5M) buffer solutions with sodium arsenite as catalyst.
The kinetics of this absorption reaction is in the pseudo-first
order kinetic regime. The mass transfer coefficient ki, of CO,
adsorption 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) 0, (Lh™1) kp x 10° (ms—1) a(m™) kpa x 103 (s71)
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

298 70 10.04 72.3 7.26

298 40 8.25 60.8 5.01

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

DA /2
w4 ()

where ki, is the mass transfer coefficient of ozone to liquid
phase, k;_ the mass transfer coefficient of carbon dioxide absorp-
tion into sodium carbonate—bicarbonate solution, D4 the dif-
fusivity of ozone in liquid phase obtained from Matrozov et
al. [18] and Dc is the diffusivity of carbon dioxide in liquid
phase.

The k1, and a values for various temperatures 7 and oxygen
flow rates Q, are summarized in Table 1.

(€]

3.2. Determination of stoichiometric ratio

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

There are two different reaction pathways between ozone and
organic compounds [3]: direct attack of ozone and free radical
attack of hydroxyl radical. Fig. 3 shows that almost same stoi-
chiometric ratios were achieved at different pHs, which indicates
that the reaction is mainly due to ozone direct attack, while the
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Fig. 3. Determination of the stoichiometric ratios for the ozone—dye reactions.

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

The fact that 1 mol dye consumed 4 moles ozone can be
explained by a simplified degradation mechanism of Cationic
Red X-GRL by ozone [13] as depicted in Fig. 4. During ozona-
tion, the first ozone molecule was consumed in the cleavage of
dye (reaction (1)) to nitrite ion, compound D1, and S4. The sec-
ond ozone molecule was consumed in the oxidation of nitrite
ion to nitrate ion (direct reaction rate kp of reaction (3) is
37 x 10°M1g7! [19]). The third ozone molecule was con-
sumed in the decomposition of compound S4 to compound D;
and D3 (reaction (4)). The fourth ozone molecule was con-
sumed in the cleavage of heterocyclic ring of compound D,
to compound D4 (reaction (5)). It is noteworthy that the ozone
consumption rates of reactions (2), (6), and (7) were negligible
because aldehyes or ketones are very recalcitrated to be oxidized
by ozone (direct reaction rate kp of reaction (2) is 2.5M ! s~
[20D).
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Fig. 4. Simplified degradation pathways of Cationic Red X-GRL. D;
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Fig. 5. Effect of process variables on conversion of dye. (a) Effect of pHs. Runs 5-8 (Table 2). (b) Effect of oxygen flow rates. Runs 3, 9-10 (Table 2). (c) Effect of
temperatures. Runs 2, 11-14 (Table 2). (d) Effect of initial concentrations of dye. Runs 2, 6 (Table 2).

3.3. Influence of reaction variables

Fig. 5 shows the conversion of dye with time for a set of
experiments carried out under different oxygen flow rate, initial
dye concentration Cg o, temperature, and pH. The experimental
parameters and results are listed in Table 2.

As mentioned before, the dye degradation caused by radical
attack is negligible in this study. Therefore, the increase of pH
did not cause obvious enhanced removal of dye as depicted in
Fig. 5a.

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

Table 2

Experimental conditions and calculation results

Run T (K) pH Q, (Lh™1) P4 (kPa) it x 100 (V) Cgo x 10* (M) E kp M~1sh) Ha x 103
1 298 3.15 100 1.74 1.40 1.28 1.08 203 52
2 298 5.75 100 1.71 1.30 1.32 1.18 206 53
3 298 8.14 100 1.77 1.22 1.27 1.45 203 52
4 298 9.24 100 1.75 1.18 1.49 1.61 202 56
5 298 3.15 100 1.75 1.40 2.09 1.37 203 67
6 298 5.75 100 1.70 1.26 2.10 1.59 209 68
7 298 8.14 100 1.68 1.17 2.13 1.92 198 66
8 298 9.24 100 1.76 1.19 221 1.95 209 69
9 298 8.14 70 1.78 1.22 1.30 2.52 199 63

10 298 8.14 40 1.74 1.22 1.46 2.42 205 83

11 288 5.75 100 1.82 1.67 1.40 1.40 161 63

12 293 5.75 100 1.80 1.47 1.44 1.29 192 60

13 303 5.75 100 1.77 1.16 1.43 1.36 225 53

14 308 5.75 100 1.76 1.04 1.44 1.60 252 56

T The equilibrium concentration of ozone in water C}; was deduced by Henry’s law; while the Henry’s law constants of ozone as a function of pH and temperature

were obtained from Sotelo et al. [21].
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Fig. 6. Aqueous ozone concentration accumulation with reaction time. Runs
14 (Table 2).

versions of dye were 93, 87, and 67% for the oxygen flow rates
of 100, 70, and 40 Lh~!, respectively. As shown in Table 1, at
298 K the volumetric mass transfer coefficient k;.a of bubble
column reactor increased from 5.01 x 1073 s~ ! at the oxygen
flow rate of 40Lh~! to 7.26 x 1073 s~ at the oxygen flow rate
of 70Lh~!, and 12.79 x 1073 s~! at the oxygen flow rate of
100Lh~!, respectively. It is worthy to mention that the partial
pressures of the ozone gas P5 were quite stable in our study as
shown in Table 2 (Runs 3, 9-10). In addition, the ozone mass
transfer rate was proportional to the volumetric mass transfer
coefficient ki a of the bubble column reactor.

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

Fig. 5d shows the evolution of the conversion of dye with
time for experiments carried out at different initial dye concen-
tration. At a given time, an increase of initial dye concentration
led to a decreased conversion of dye though the ozonation rate
increased. Thus, at 6 min, 96% dye conversion was reached
if the initial dye concentration was 1.32 x 10~ M, while ca.
83% conversion was reached if the initial dye concentration
was 2.10 x 10~* M. However, initial dye removal rates were
4.60 x 1077 and 6.15 x 1077 Ms~! for initial dye concentra-
tions of 1.32 x 10™* and 2.10 x 10™* M, respectively.

It is noteworthy that the aqueous ozone concentration accu-
mulates with reaction time, as shown in Fig. 6. This accumula-
tion can be explained by the slow reaction kinetics between dye
and ozone, which will be confirmed afterwards.

3.4. Kinetic study

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

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

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

Naa = kLaCZE 3)

where Naa is the ozone absorption rate of liquid phase, k1 a the
volumetric mass transfer coefficient of bubble column reactor,
C? the equilibrium concentration of ozone in water and E is the
enhancement factor defined as the ratio of the rate of absorption
in the presence of a chemical reaction to the maximum rate of
pure physical absorption.

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

ZdCB dCA
dr + dr

Naa = — 4)
where z is the reaction ratio between ozone and Cationic Red
X-GRL, Cp the concentration of dye in liquid phase, Ca the
concentration of ozone in liquid phase and ¢ is the reaction time.
In all the experiments, the values of dCa/df were always found to
be less than 6% of the values of —zdCg/dt. In order to simplify
the mathematical model, the term of dCa/dt is ignored in the
following discussion. Thus

zdCp
dr

Naa = — 5
Combining Egs. (3) and (5) together, the enhancement factor
E can be deduced as following equation:

dc
EF=—_"58B (6)

kLang dr

The values of dCg/dt can be determined through fitting the
experimental data (Cg, f) to a polynomial expression by least
square regression analysis. Table 2 shows the E values obtained
at t=0. As shown in Table 2, the E values were less than 3,
indicating that the reaction in the liquid bulk was slow [22].
Assuming that the degradation rate of dye follows first order
kinetic with respect to both ozone and dye, we get:

dCsp
——— = kpCBCa 7
5 )
where kp is the ozone direct oxidation rate constant.

Then,

C t
“In <B> :kD/ Cadr (8)
Cg,0 0

kp can be calculated by linear regression analysis with exper-
imental data given in Table 2. Fig. 7 shows the calculation of
kp which were strongly influenced by temperature. However,
kp was not influenced by pH, oxygen flow rate, and initial dye
concentration as shown in Table 2.



1864 W. Zhao et al. / Journal of Hazardous Materials B137 (2006) 1859—1865

An(C/C, )

o T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5

[;Cidt x 102, M's

Fig. 7. Determination of kp with temperature. Runs 2, 11-14 (Table 2).

Through Arrhenius Equation:

—E,
b—hww(RT) ©))
activation energy E, of the ozonation of Cationic Red X-GRL
can be calculated. Fig. 8 depicts the Arrhenius plot of the natu-
ral logarithm of the kp versus 1/T for the ozonation of Cationic
Red X-GRL. The activation energy E, was calculated to be
15.538 kI mol~! and ko=1.0881 x 10°M~!s~!.

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

DakCg \ /2
Ha = (AZB> (10)
k
L
56
5.5
5.44
S 534
-
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5.0 T g T g T v T v T .
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YT X 10° K™

Fig. 8. Plot of In (kp) vs. 1/T.

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

4. Conclusion

The results obtained in this work indicate that the absorption
of ozone into aqueous solutions of the Cationic Red X-GRL
was accompanied by an irreversible second order reaction. The
reaction between ozone and Cationic Red X-GRL occurred in
the liquid bulk, corresponding to the slow kinetic regime. The
influence of operating variables like oxygen flow rate, initial dye
concentration, temperature, and pH was also established. The
kinetic rate constants were correlated with Arrhenius Equation
by the expression:

—15,538 o
—— 7)) m'sTh
RT

Y

—E
kp= ko exp <RT2‘> =108, 810 exp <
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