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Abstract

The intrinsic kinetic order of reaction between a dye (Acid Blue 9) and dissolved ozone in aqueous phase was measured by
a pulse-ejection microreactor (PEMR) in this research. The reaction orders and reaction rate constants were evaluated by the
variation of initial slope method, the half-life method, and the general order equation. Results of this study indicated that the
commonly literature-cited pseudo-first-order may not be suitable for all ozonation conditions. The pseudo-first-order was only valid
with an ozone to dye molar ratio (Z) between 5.57 and 9.31. When the value of Z increased from 13.91 to 30.83, the reaction order
increased rapidly from 1.03 to 1.76. On the other hand, when the value of Z was smaller than 1.74, the reaction order seemed closer
to zero order. Furthermore, the reaction order may not be constant throughout the treatment process. It might vary with variation

of ozone to dye ratio as the reaction is proceeding.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Textile wastewater is strongly colored and creates an
environmental and aesthetic problem. Wastewater from
textile industry is an important pollution source in
Taiwan. Effluents from textile industry contain high
concentrations of inorganic and organic chemicals and
are characterized by residual COD and strong color.
Resistance of dyes to biological degradation has made
color removal from textile wastewaters more difficult, as
they are not readily degraded under the aerobic
conditions prevailing in biological treatment plants. In
Taiwan, to comply with environmental regulations,
wastewater that is produced from dye manufacturers
and dyeing industries has to adhere to COD < 100 mg/L
and ADMI color index < 550 unit standards. Due to
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the difficulty of removing color from wastewater, the
1998 ADMI standard (400 units) was modified to the
present standard. Even with the present standard, many
manufacturers still have difficulty in complying with this
regulation. Currently, there are no economically attrac-
tive technologies to achieve color removal from dyeing
wastewater [1]. Ozonation is one of the attractive
alternatives for solving the problem of color in dyehouse
effluent [2—4]. In addition, Wang et al. [5] stated that the
ozonation processes enhanced the biodegradability of
biorefractory compounds.

The reaction mechanisms of ozonalytic reactions
follow two possible degradation paths. Both molecular
ozone attack (i.e. direct reaction) and the free radical
mechanism (i.e. indirect reaction) have been found to be
simultaneously existing during the reaction processes
[S]. At basic pH, ozone rapidly decomposes to yield
hydroxyl and other radical species in solution. Under
acidic conditions, ozone can directly react with organic
substrates as an electrophile. Ozone is very effective for
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decolorizing dye wastewaters, because it attacks conju-
gated double bonds and these are often associated with
color.

The pseudo-first-order equation was the most cited
for ozone decolorization systems [1,4,6]. Wu and Wang
[6] studied the ozonation of reactive black 5 in a semi-
batch reactor (gas—liquid system). The decolorization of
dyes is of first order with respect to ozone and the dye,
respectively. When the amount of ozone was in excess,
the reaction was pseudo-first-order with respect to dye.
They reported that the decolorization of the azo dye by
ozone was a pseudo-first-order reaction with respect to
dye and the apparent rate constant declines logarithmi-
cally with increased initial dye concentration. The
decolorization rate constant can be determined from
the slope of the semi-logarithmic plot of color versus
treatment time indicated as follows [1].

ln(C,/Co):KXm (1)

where C, and C, are dye concentrations at reaction times
t =t and t = 0, respectively. Ky stands for the pseudo-
first-order reaction rate constant (L/min).

However, the experiments mentioned above were
conducted in a gas—liquid system, not liquid—liquid
system. In a gas—liquid system, where ozone was
absorbed into water and simultancously underwent
reaction, the rate-limiting step in the ozonation of dye
containing wastewater was the mass transfer of ozone
from the gas phase to the wastewater [6,7]. There was no
reliable and generally valid model for the qualitative
prediction of the mass transfer coefficient of ozone [6].
In gas—liquid reactors, the rate of reaction in the liquid
phase depends on both the reaction rate constant and
the coefficient of mass transfer from gas to liquid. Under
the kinetic regime of absorption with reaction, an
accurate measurement of the rate constant is possible.
On the other hand, in the diffusion controlled regime as
in the case of ozonation of dye, the rate constant cannot
be measured easily because the system behavior would
depend on the mass transfer coefficient [8,9]. As
a consequence, the commonly used pseudo-first-order
reaction model may not be suited to describe the
intrinsic kinetics of liquid—liquid conditions. The re-
lationship between the apparent rate constant and the
initial dye concentration was not studied in detail in
literature [6]. The kinetics of aqueous ozonation pro-
cesses plays an important role in assessing the efficiency
and feasibility of treating dye contaminated wastewater.
Furthermore, it could provide a tool for evaluating the
health effects of ozone exposure to humans, crops and
forests [10]. Therefore, there is a need to study the
intrinsic liquid reaction kinetics of ozonalytic reactions
to further understand the kinetic reaction of ozonation
and its possible effect on the overall kinetic reaction of
the gas—liquid ozonation process.

2. Materials and methods
2.1. Pulse-ejection microreactor (PEMR)

The study was performed in a 70 mL pulse-ejection
microreactor (PEMR) depicted in Fig. 1. This micro-
reactor consisted of a main body of reactor column and
three horizontal baffles which were located within the
reactor column to assure a perfect mixing (PM). An
injector was installed vertically at the upper center of the
reactor. The whole reactor was clamped on a base stand,
which in turn was fixed to a steel stand by supporters.
Four suction safety bulbs were hung over the top of the
reactor, with four suction lines interconnected for
sampling. Through sampling ports 1—3, samples with-
drawn from different regimes of PEMR were analyzed
for testing the degree of mixing and the kinetic analysis.

2.2. Gas-induced reactor (GIR)

The GIR was used as an ozone-dissolving apparatus
for this research. The novel GIR (Fig. 2) was first
developed by Hsu et al. [I1—14]. By installing an
additional short draft tube surrounding the impeller,
a strong vortex can be created which accelerates the
solubilization of ozone and benefits the recycling and
reclaiming of the escaping ozone. When the desired
ozone concentration was reached, then 50 mL of ozone
solution was discharged directly through a submerged
interconnecting pipeline to the PEMR without exposure
to the atmosphere to avoid the escape of any ozone.

2.3. Ozonation

Saturated ozone solution was prepared by GIR. Fifty
milliliters of the saturated ozone solution was directly
transferred to the PEMR through a submerged inter-
connecting under-liquid pipe. Twenty milliliters of dye
solution was measured by a syringe located at the upper
center of the PEMR. The syringe was previously stop-
pered with silicone rubber before dye solution ejected
into the PEMR. The safety suction bulbs had been
previously adjusted and calibrated for a given amount of
5 mL samplings at 0.5 s intervals.

Ozone was produced by a laboratory ozone generator
system (model RXO-5) which when supplied with air
produces a maximum of 20 mg O3/L. The concentration
of ozone during experimentation was 5 mg/L air.

The ozone concentration was measured through the
determination of the concentration of iodine which was
produced from the reaction of ozone with neutral
potassium iodide. The concentration of iodine was
determined spectrophotometrically at a wavelength of
400 nm [15,16]. The interference of the measurements
had been reported to be negligible [17,18]. Analytical
grade chemicals were used throughout the experiments.
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Fig. 1. The experimental set-up of the pulse-ejection microreactor (PEMR): (a) experimental set-up, (b) injector made of a 50 mL syringe, (c) main

reactor of PEMR showing sampling ports at different regimes.

One milliliter of 0.01 N iodine is equivalent to 240 ug of
ozone.

Acid Blue 9 (C37H34N2N320983, C.I. 42090, FW
792.84) concentration was measured spectrophotomet-
rically at its characteristic wavelength (Apnax, 630 nm).
Acid Blue 9 was purchased from Acros Organics, USA.
The chemical structure of Acid Blue 9 is represented in
Fig. 3.

3. Results and discussion
3.1. Perfect mixing

The mixing time is one of the most critical factors for
investigation of the intrinsic kinetics of fast reactions
such as ozonation in aqueous solution, which deter-
mines the deviation from the “true kinetics”. To ensure
a perfect mixing in the PEMR, six runs of mixing test

were performed in this test. When mixing 20 mL (10 mg/
L) of dye with 50 mL of distilled water, it only took less
than 0.5s to reach the well-mixing status at the top,
middle and bottom locations of the PEMR. The final
mixing concentration of Acid Blue 9 measured at
630 nm was about 2.74 mg/L which was reached within
0.5s at all three sampling locations as indicated in
Table 1.

3.2. Kinetic analysis

Twelve different initial concentrations of Acid Blue 9
were tested in the PEMR. The initial dye concentration
ranges were from 1.29 to 285.71 mg/L. Samples were
taken and analyzed at 0, 0.5, 1.0, 1.5 and 2.0s. The
fractional conversions (f) of these tests are shown in
Table 2. Experimental results indicated that the low
concentration ranges of dyes had higher fraction of
conversions.
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Fig. 2. Schematic diagram of experimental ozone dissolution system, GIR (gas-induced reactor).

To further investigate the fast aqueous ozonation
kinetics, three different kinetic analysis methods were
used in this research [19].

(1) Variation of initial slope
The kinetic order (n) is

) (@) .

log C, —log C,

where C; and C, are different initial concentrations
of paired experiments, and dC;/d¢ and dC,/dt

Na 0O ""Na

Fig. 3. Chemical structure of Acid Blue 9.

2

are differential initial reaction rates deduced by
measurement of the initial slope of the concentration—
time curve.

Half-life method

The method consists of determining the time taken
for the initial concentration of a reactant to be
reduced by a factor of two. Experiments are carried
out at two or more different initial concentrations
(Cy, C,). If the half-life (r;, 7,) is independent
of initial concentrations, then the reaction is of
first order. If the half-life varies with initial
concentration, the results 7, and 7, may have the
expression:




R.Y. Peng, H.J. Fan | Dyes and Pigments 67 (2005) 153—159

Table 1
Tests for a perfect mixing (sampling time 0.5s, 29 °C, pH 7.2 £ 0.1)

Sampling location Dye concentration (mg/L)

Run no. Mean®
1 2 3 4 5 6
Top 273 271 2.64 267 2.65 2.84 2.73+0.07
Middle 2.72 284 281 2.64 2.67 274 2.74 £0.08
Bottom 272 284 281 264 2.67 274 2774+ 0.08
@ Data expressed in X+o (n = 6).
(3) General order equation
Considering the following general forward
equation
1 1
oo (n—D)k,t (5)

and assuming that f,is the time at which the initial
concentration (Cy) has fallen to C, (i.e. the residual
concentration with fractional conversion f), we have:

1 1

A = (= Dkt
Cf 1 CO 1 f

(6)

At two different fractional conversions f; and f5, we
have

157
Division of Egs. (7) and (8) gives:
1 1 <C()> n—1 .
n GG _\G, (9)
o L1 (Co>“ .
C?;l Cgil sz

Substituting experimental data Cy, Cy;, Cp,, t7; and 1y,
into Eq. (9), the order n can be obtained.

The estimated kinetic reaction orders calculated from
these methods were in good agreement with each other as
indicated in Table 3. The results revealed that the kinetic
order for ozone degradation of Acid Blue 9 was
concentration-dependent; the Z values played a role of
controlling factor; and different ozone to dye molar ratios
(Z) yielded different kinetic orders. Simulation results of
the general order model are shown in Fig. 4. As the Z
values were less than 0.17, there was no observation of
significant dye degradation. Very low orders of kinetics
were found as the values of Z remained within 1.39—1.74
with the kinetic reaction order found to be less than 0.01.
At this range, the reaction rate constants ranged from
6.40 X 1077 to 9.60 X 107® (mg/L/s). Whereas the Z
ratio was within a range of 5.57—9.31, the reaction order
was close to pseudo-first-order as commonly cited in
literature [1,4,6,20—22]. For example, Saunders et al. [23]

1 1 studied the ozonation of decoloration of methylene blue
F—@:(” — Dkiy, (7) with 90% decoloration and reported pseudo-first-order
: kinetics with a stoichiometric ratio (Z) around or a little
and less than 10. The reaction rate constants were increased
from 0.67 to 7.07 (s~ '). When the Z ratios were greater
%7%: (n—1)kty, (8) than 9.31, the kinetic orders increased from 1.08 to 1.76.
fa 0 The reaction rate constants increased sharply from
7.07 X 10° to 8.82 X 10° ((mg/L)' " s~ !). The larger the
respectively. Z values, the faster the reactions observed were. The
Table 2
Fractional conversion (f) of Acid Blue 9 at various initial dye concentrations (Cy) (f = 1 — (C,/Cp), pH 7.2 + 0.1, 29 °C, ozone concentration
3.37 mg/L)
Co? Reaction time
0s 0.5s Is 1.5s 2s
Mean SD® Mean SD® Mean SD® Mean SD® Mean SD®
1.29 0.00 0.000 0.97 0.005 0.98 0.004 0.98 0.004 0.99 0.013
1.43 0.00 0.000 0.97 0.001 0.98 0.005 0.98 0.005 0.99 0.011
2.14 0.00 0.000 0.87 0.011 0.90 0.011 0.90 0.011 0.96 0.012
2.29 0.00 0.000 0.86 0.011 0.89 0.012 0.89 0.012 0.93 0.014
2.86 0.00 0.000 0.76 0.022 0.87 0.001 0.87 0.001 0.91 0.011
4.29 0.00 0.000 0.72 0.021 0.78 0.020 0.78 0.020 0.88 0.021
5.71 0.00 0.000 0.34 0.082 0.60 0.080 0.60 0.080 0.69 0.010
7.14 0.00 0.000 0.31 0.080 0.59 0.011 0.59 0.011 0.70 0.003
22.86 0.00 0.000 0.01 0.012 0.12 0.031 0.12 0.031 0.21 0.004
28.57 0.00 0.000 0.01 0.020 0.05 0.002 0.05 0.002 0.10 0.003
228.57 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000
285.71 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00 0.001

# Cp = initial dye concentration (mg/L).
® SD = standard deviation.
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Table 3
Kinetic order analysis of dye degradation by ozone (initial ozone concentration 3.37 mg/L, 29 °C, pH 7.2 + 0.1)

R.Y. Peng, H.J. Fan | Dyes and Pigments 67 (2005) 153—159

VA The general order method The half-life method The variation of initial slope method
Reaction order Rate constant® Reaction order Rate constant® Reaction order Rate constant®
N(g) kig) ) k) 16 ki

0.14 0.00 £ 0.000 - 0.00 + 0.000 - 0.00 & 0.000 -

0.17 0.00 £ 0.000 - 0.00 £ 0.000 - 0.00 £ 0.000 —

1.39 0.01 & 0.000 6.40 X 1077 0.01 & 0.000 6.40 X 1077 0.01 & 0.000 6.40 X 1077

1.74 0.01 £ 0.000 9.60 X 107° 0.01 + 0.000 9.60 X 107° 0.01 + 0.000 9.60 X 107°

5.57 1.00 + 0.002 0.76 1.00 + 0.004 0.76 1.00 + 0.001 0.76

6.96 1.00 + 0.002 0.76 1.00 £ 0.003 0.76 1.00 £ 0.002 0.76

9.31 1.08 & 0.003 7.07 1.07 £ 0.003 7.15 1.08 + 0.006 7.07

13.91 1.10 + 0.001 10.74 1.09 £ 0.001 9.85 1.10 4 0.005 10.74

17.36 1.25 4 0.003 123.16 1.25 + 0.005 123.65 1.24 4 0.007 123.16

18.58 1.25 + 0.005 131.29 1.24 4 0.002 123.29 1.25 4 0.004 131.29

27.81 1.76 4 0.002 8.15 % 10° 1.77 + 0.001 9.25 X 10° 1.76 + 0.003 8.15 % 10°

30.83 1.76 £+ 0.001 8.82 X 10° 1.78 £ 0.003 10.88 X 10° 1.76 £ 0.002 8.82 X 10°

& Z = ozone to dye stoichiometric ratio.
® Unit = (mg/L)'™"s™".

reaction rate constant decreased with increasing initial
dye concentrations. These results were in agreement with
Konsowa [24]; the author reported that the reaction rate
of dye (Isma Fast Red 8B) oxidation was found to
increase with increasing ozone concentration in the gas
phase (air—ozone) and decrease with increasing dye
concentration.

When Z is greater than 5.57, the relationship between
Z and kinetic order (n) can be described in a linear
equation as follows (Fig. 5):
n=0.0327Z+0.7422 (10)
where the correlation coefficient (R?) was about 0.9385.

When considering a gas—liquid system, Carpentier
[22] had pointed out that an enhancement factor (E)
had to be incorporated into the gas to liquid mass
transfer (i.e. gas absorption) term when a chemical

—Simulated curve by The General Order Method

Initial dye

~ conc.(mg/L)
C,=285.71
C=228.57
C,=28.57
Cy=22.86
C=7.14
Cy=5.71
C=4.29
Cy=2.86
Cy=2.29
C=2.14
Cy=1.43
C=1.29

Fraction conversion (f)

od— 1 *x +e4r ol

T
0.0 0.5 1.0 1.5 2.0 25
Time(s)

Fig. 4. Fractional conversion (f'= 1 — (C,/Cy)) of Acid Blue 9. Initial
conditions were 3.37 mg Oz/L, pH 7.2 £+ 0.1, and 29 °C.

reaction was simultaneously participating in the gas—
liquid reaction system such as the ozoney) to liquid
reaction:

NA=kLaCA><E (11)
in which, N expresses the gas absorption rate
(mols™'m™?), kya is the liquid side volumetric mass
transfer coefficient (s™'), while E is called the enhance-
ment factor which is defined as the ratio of the rate of
ozone absorption in the presence of a chemical reaction
to the maximum rate of physical absorption [22].
Considering a continuous semi-batch ozone inflowing
system, the dye concentration is originally high enough
to retain a pseudo-first-order reaction (i.e. Z = 5.57—
10.00), and the stoichiometric ratio Z may increase
rapidly as the decoloration proceeds. The reaction order
may increase to over 1.7 as indicated in Eq. (10) at the
final stage of reaction. Thus, a faster reaction is
occurring when the reaction is approaching the final

20

y =0.0327x +0.7422

°
R? = 09385
15

o

Reaction order, n(g)

0.5

O'O 1 1 1
0 10 20 30 40

Ozone to Dye ratio(Z)

Fig. 5. The relationship between ozone to dye molar ratio (Z) and
reaction order (7).
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stage. Therefore, the enhancement factor might be
varying and correspondingly increasing, which implies
that a varying mass transfer rate is occurring simulta-
neously and may result in more complicated kinetic
patterns. In other words, in a single ozonation system,
the enhancement factor might be varying depending
upon the sequential variation of the stoichiometric
factor Z during the reaction. The varying kinetic order
in the liquid—liquid reaction can affect the overall
kinetic order which involves the gas to liquid mass
transfer phenomena.

Results also imply that in a gas—liquid ozonation, the
enhancement factor £ may vary from a low value at the
initial stage of ozonation to a higher value at the final
stage; the greater the Z value as the reaction proceeds, the
faster the reaction and hence the greater the enhancement
factor obtained near the final stage of ozonation. Thus,
the overall gas—liquid reaction kinetics will be also
varying during the whole course of ozonation.

4. Conclusion

Liquid—liquid ozonation of Acid Blue 9 in batch tests
revealed varying kinetic order ranging from 0 to 1.76.
The kinetic order variation depends on the stoichiomet-
ric ratio of ozone to dye (Z). Near zero order can be
applied to values of Z below 1.74. At values of Z from
5.57 to 9.31, the pseudo-first-kinetic order was observed.
When Z was greater than 13.91, kinetic orders of
1.10—1.76 were found. A linear equation could be used
to describe the relationship between Z and n when Z was
greater than 5.57. The results also implied that the en-
hancement factor might change significantly during the
process of a given reaction which might consequently
affect gas—liquid reaction kinetics.
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