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ABSTRACT

Ozonation experiments were conducted in a bubble column reactor taking methylene blue
(MB) as model compound, where the role of solution pH and organic load as basic parame-
ters of wastewater influencing pathway of hydroxyl radical (HO�) and the kinetics were
investigated. The relative significance of HO�-pathway was evaluated compared to molecu-
lar ozone in both kinetics and degradation process. Results showed that, as solution pH
increased from 5 to 11, the contribution of HO� (labeled as θ) got intensified from 0.05 up to
0.80 (apparent HO� abundance proliferated up to 35.76 × 10−7 M), giving rise to an exponen-
tial growth of pseudo-first-order rate constant as well as an enhanced mineralization.
Reduction of initial organic concentration ([C]0,MB) retarded chemical gas-to-liquid absorp-
tion of ozone and the global degradation of MB, while interestingly at the same time, the
kinetic rate constant on MB decolorization accordingly began to grow up since the
HO�-pathway impact substantially got reinforced (θ elevated from 0.80 up to 1.944 when
[C]0,MB decreased from 80 to 20 mg L−1 under pH 11).
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1. Introduction

Bubbling ozone treatment (BOT) has received
increasing application over the last decade as an
alternative quick-response treatment strategy dealing
with contaminated waters [1–5]. It commonly took
place in column reactors with operational simplicity,
where bubbling introduction of ozone can induce a
complete back-mixing in favor of contact reaction
and mass transfer between phases, allowing BOT to

accomplish oxidative abatement of color and organic
substances in one step without generation of sludge
or solid wastes. Two concurrent pathways principally
account for the process of BOT, i.e. oxidation by
molecular ozone (O3) as well as by hydroxyl radical
(HO�) generated from hydrolysis of ozone. Direct O3

attack is relatively weak due to the selectivity and
low power (E0(O3/H2O) = +2.07 V) as only aromatic
compounds with nucleophilic positions or unsatu-
rated aliphatics may be effectively degraded [6],
while the HO�, with highly electron-withdrawing
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nature (E0(HO�/H2O) = +2.80 V), can lead to an out-
come of advanced oxidation that is more responsible
for improvement of organoleptic properties such as
taste and color, disruption of bio-toxic or persistent
organic pollutants, and oxidative removal of total
organic carbon (TOC) [7]. Thus, BOT can be recom-
mended as a feasible and promising technology for
remediation of wastewaters in environmental engi-
neering, for which the intensification of HO�-pathway
and kinetic process control are regarded of practical
significance.

Basic solution environment has been proved to be
favorable for development of HO�-pathway during
ozonation, which can enlarge the intervention of HO�

populations for deep oxidation and even disruption of
extreme persistent organic pollutants as perfluorooc-
tane sulfonate [8]. This is because the presence of
hydroxide ion (OH−) can act as effective initiator for
transformation of aqueous ozone into HO� radicals
referring to Staehelin and Hoigné [9], and following
chain steps of ozonolysis, the elevation of solution pH
will readily enhance the production of HO� species. In
progress of BOT moreover, ozone molecules penetrate
from gas phase into the liquid giving rise to an
accumulation of aqueous O3, and in the meantime,
associated bulk reactions depleting the transferred O3

will readily take place. On this regard, the kinetics of
BOT should be dictated by the coupling effect of
gas-to-liquid ozone transfer and consumption of aque-
ous O3, and the latter includes mainly the O3 hydroly-
sis yielding of HO� (mainly affected by solution pH)
as well as the reduction by organic pollutants. For a
designated operational flow regime associated with
volumetric ozone transfer coefficient [10], therefore,
kinetics of ozonation treatment in column reactor
should not only depend on solution pH, but be stoi-
chiometrically subject to the concentration of reductive
organic matter that coupled to total molecular activity.
The global impact of pH or the organic load on kinetic
rate constant of ozonation has been presented in some
literatures [11–13], while in application of BOT tech-
nology involving the process of ozone penetration,
accumulation, transformation, and consumption, more
information should be extracted to evaluate the signifi-
cance of HO�-pathway and the kinetics for a better
process control.

In this work, we performed ozonation of methylene
blue (MB) in a bubble column reactor taking solution
pH and organic concentration as influential factors,
where the intervention of HO� in contribution to the
degradation of MB was analyzed and the overall
kinetic process was evaluated. Here, MB was chosen as
model organic contaminant, since it is widely used for
dyeing cotton and wool as colored synthetic chemical

[14], and it has extensive pharmacological utilization as
phenothiazine derivative with antibiotic nature [15].

2. Experimental

2.1. Ozonation procedure

Ozonation experiments were conducted in
a semi-batch bubble column reactor (inner
diameter × height = 0.1 m × 1.8 m) as illustrated in
Fig. 1. Compressed air undergoing drying/filtration
was controlled to pass through an ozonizer (O3 yield
of 100 g h−1), and then, the mixed gaseous ozone
(containing mainly O3, O2, and N2) was bubbling-in-
troduced into the column reactor through a perforated
plate. Superficial gas velocity performed to dominate
the flow pattern in the manner of homogeneous,
transition, and heterogeneous regimes similar to that
reported by Krishna et al. [16] (see inset of Fig. 1), and
for this work, all ozonation experiments were
controlled to take place in heterogeneous regime with
gas flow rate of 3.25 m3 h−1 for a complete back-
mixing and intense gas-to-liquid ozone transfer. Preset
amount of methylene blue (C16H18ClN3S·3H2O, ana-
lytical grade) was employed as the organic solute and
dissolved without further purification in 8 L ultrapure
water as the liquid phase for ozone treatment tests.
The pH was initially adjusted by adding 0.1 M HCl or
0.1 M NaOH solutions and maintained during reac-
tions by means of dropwise regulation. All the experi-
ments were conducted under ambient temperature
(23–25˚C) and atmospheric pressure.

2.2. Analysis methods

Concentration of HO� was measured by the
coumarin fluorescence probing technique as described
by Maezono et al. [17] since coumarin molecule is
capable to trap HO� radical generating luminescent
7-hydroxycoumarin. The fluorescent emission spectra
were measured for various concentration of 7-hy-
droxycoumarin from 10 −7 to 6 × 10−6 M, and as the
calibration curve for determination of apparent HO�

concentration, the fluorescence intensity at the wave-
length of 470.4 nm linearly grew up with increasing
7-hydroxycoumarin concentration (see the supple-
mentary figure).

MB concentration was measured using 756PC
UV/Vis spectrometer at wavelength of 664 nm accord-
ing to Lambert–Beer’s law. TOC was determined by
TOC-VCPH analyzer (Shimadzu, Japan). Solution pH
was detected by a digital pH meter (Cyber Scan pH
1500). Ozone concentrations in respective gas and
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liquid phases were monitored by Portable-BD5Gas2610
Ozone Analyzer (BigDipper Co. Ltd, Beijing, China).

Gas holdup (εg) was determined based on the
difference of liquid heights in the two pressure tubes
during bubbling reaction and can be simplified as
expressed by Eq. (1),

eg ¼ Dh
H

� 100% (1)

where Δh is the liquid heights discrepancy of the two
pressure tubes during bubbling process, and H repre-
sents the vertical distance of the two points alongside
column wall for fix of pressure tubes (0.7 m for this
work).

3. Results and discussion

3.1. Effect of solution pH

Fig. 2 shows the profile of MB disappearance
during ozonation as a function of solution pH
adjusted in the range of 5–11, where the discoloration
process following pseudo-first-order kinetics (see
inserted figure) generally presented to be accelerated
as the solution alkalinity gradually increased. In most

cases, ozonation processes occur mainly through a
combination of the molecular ozone (O3) and hydro-
xyl free radical (HO�) pathways, and correspondingly,
the oxidation kinetics of MB could be established by
Eq. (2),

Fig. 1. Schematic diagram of experimental setup (Inserted figure: Evolution of gas holdup as a function of superficial gas
velocity; error bars represent the standard deviation of duplicate experiments).

Fig. 2. Decolorization of MB at initial concentration of
80 mg L−1 during ozonation under solution pH of 5, 7, 9,
and 11, respectively (Inserted figure: Linear fit for MB
decolorization kinetics during ozonation).
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�d½C�
dt

¼ kO3 ½C�½O3�L þ kHO� ½C�½HO�� (2)

where [C] is the MB concentration, t is the reaction
time, kO3 and kHO� are the second-order rate constants,
and [O3]L and [HO�] are the respective concentration
of aqueous ozone and hydroxyl radical.

Elevation of solution pH means a significant
concentration of hydroxyl anions (OH−) that has been
concluded as an effective “initiator” for decomposition
of dissolved ozone yielding HO� species [9], and the
intervention of highly oxidative HO� populations will
lead to a much stronger disruption of most organic
substances including also the breakage of MB as
noticed in this study. In contrast, Soares et al. [12]
documented a negative impact of pH adjusted up to 11
on kinetics of color removal dealing with an acid dye
(Acid Blue 113), which is quite different to the outcome
of this work. This could be explained by the fact that
the chromophore groups of Acid Blue 113 as model
compound are much easier to be destructed by
molecular ozone (O3), while basic pH would incur sig-
nificant conversion of O3 into HO� that had impaired
largely the availability of O3 (transferred from gas to
liquid) being more selective for decolorization of the
target molecule. Referring to the pH effect obtained in
this study, the degradation of MB can therefore be
attributed to both direct O3 attack and the oxidation of
HO� radicals as expressed in kinetic form by Eq. (2),
and the HO� exhibited higher effectiveness through
electrophilic attack by cleavage of the conjugated chro-
mophores in MB molecules than the nucleophilic
attack by O3. The above comparison suggested that the
significance of HO� species and its pathway contribu-
tion to kinetics are in association with the “sensitivity”
of target contaminant in response to O3 and HO�

attack, which should be analyzed prior to a rational
adjustment on the acid–base property of wastewaters.

Basic solution environment in favor of ozone
treatment has been indicated in literature using overall
rate constant as a reflection of intensification in
HO�-induced advanced oxidation such as dealing with
atenolol [18]. To gain an insight, we tried to establish a
quantitative description of pH impact on the
contribution of HO�-pathway to ozonation kinetics.
The process of ozone hydrolysis for generation of HO�

follows sequential steps delineated by Reactions (3)–(7)
referring to research works by Staehelin and Hoigné
[9] as well as Bűhler et al. [19],

O3 þOH��!k1 HO�
2 þO2 k1 � 70 M�1 s�1 (3)

O3 þHO�
2 �!

k2
HO� þ �O�

2 þO2 k2 � 2:8� 106 M�1 s�1

(4)

O3 þ �O�
2 �!

k3 �O�
3 þO2 k3 � 1� 109 M�1 s�1 (5)

�O�
3 þH2O�!k4 HO�

3 þOH� k4 � 5:2� 1010 M�1 s�1

(6)

HO�
3�!

k5
HO� þO�

2 k5 � 1:1� 105 M�1 s�1 (7)

In light of the above chain reactions taking place in
time sequence, it is clear that Reaction (3), with rate
constant (about 70 M−1 s−1) at least five order of
magnitude lower than the others, should act as the
limiting step for ozonolysis producing HO�. Assuming
a very fast depletion of HO� by MB molecules in a
fraction exponentially related to the population of HO�

once created (labeled as γ), the second term on right
hand of Eq. (2) could be expressed by Eq. (8) as a
function indicating the decay rate of MB by HO�-path-
way, taking into consideration that each three molar
O3 coupled stoichiometrically to a yield of two molar
HO� based on Reactions (3)–(7).

kHO� ½C�½HO�� ¼ 3½O3�L½OH��kHOO�

2

� �c

(8)

where [OH−] represents the concentration of hydroxyl
anions and kHOO� is the second-order rate constant for
formation of hydrogen peroxide anion as the initiative
step indicated by Reaction (3).

Eq. (8) reflects the fact that pH enhancement with
greater amount of HO- will induce an enlargement of
HO� population by expediting decomposition of aque-
ous ozone, and the subsequent fast depletion of HO�

by MB molecules could in theory exhibit positive
correlation with [OH−] as well as a sufficient provision
of dissolved O3 transferred from ozone-spiked bub-
bles. Hence, we may substitute Eq. (8) into Eq. (2)
yielding Eq. (9),

�d½C�
dt

¼ kO3 ½C�½O3�L þ
3½O3�L½OH��kHOO�

2

� �c

(9)

Considering the decolorization kinetics conformed
pseudo-first-order process, the bulk concentration of
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O3 (i.e. [O3]L) should perform in a steady state manner
as a consequence of ozone feeding and consumption,
and it is indeed the case as was detected during
experiments (discussed in Section 3.2). Taking the
value of MB concentration as ozonation commenced
(labeled as [C]0,MB), Eq. (9) can be simplified as
Eq. (10),

k ¼ aþ b½OH��c (10)

where k denotes the overall rate constant determined
from experimental data and constants α and β
represent the respective terms of kO3 ½O3�L and
3½O3�LkHOO�

2

� �c
� 1
½C�0;MB

in Eq. (9).

As a consequence, α, β, and γ can be computed
using multiple non-linear regression analysis (0.162,
0.513, and 0.199 respective for α, β, and γ with R2 of
0.981), and results calculated concerning the evolution
of rate constant (k) as a function of solution pH can be
exhibited in the form of Eq. (11).

k � 0:162þ 0:513� 10
pH
5 �2:8ð Þ ðR2 ¼ 0:981Þ (11)

Correspondingly, the contribution (labeled as θ) of
HO�-pathway compared to O3 attack for oxidative
destruction of MB can be determined as shown in
Fig. 3, which is defined as the numerical ratio of the sec-
ond term to the first term in the right hand of Eq. (9).

Referring to the results of Eq. (10) obtained by
non-linear regression analysis where the value of α

(i.e. kO3 ½O3�L) was determined to be 0.162 min−1

(equivalent to 2.7 × 10−3 s−1), the parameter kO3 can
then be calculated through dividing α by the concen-
tration of aqueous O3 (i.e. [O3]L) during ozonation.
Noting that the average apparent concentration of O3

during reactions was in a rather low level (about
36 μg L−1 for [C]0,MB of 80 mg L−1), we hereby can get
the approximate kO3 value of 3.6 × 103 M−1 s−1 which
is higher than many organic substances but in a simi-
lar level as that of glyphosate being a broad-spectrum
herbicide [20]. Hydroxyl radical (HO�), as a key oxi-
dant accounting for ozonation, is extremely powerful
whose rate constants with organic molecules are
generally in the range of 108–1010 M−1 s−1 [21]. One
can see from Fig. 3 that the contribution of HO�-path-
way to ozonation kinetics of MB was clearly weaker
than that completed by O3 for pH scenarios around or
lower than nine, whereas when the solution basicity
intensified to pH 11, the θ substantially increased and
reached a level up to 0.8, indicating the HO�-effect on
MB discoloration kinetics was then almost comparable
to aqueous O3.

The outcome of θ is just a reflection of HO�-pathway
influence on ozonation of a target organic molecule
(MB for this work), but can hardly represent all the
roles played by HO� such as the mineralization by
advanced oxidation. This is because the intervention of
HO� oxidant, only a fraction of which was captured by
MB, will give rise to a simultaneous deep oxidation of
the daughter products and their intermediate frag-
ments from the parent molecule (i.e. MB), resulting in a
mineralization effect being an important issue for
ozone science. Nevertheless, the non-selective nature of
HO� makes it to be vulnerable and short-lived species
that can even rapidly interact with inorganic substances
such as carbonate or bicarbonate ions as terminative
production. Then, the stoichiometry of HO� population
should be regarded as a key controlling factor for the
occurrence of mineralization process. To gain more
straightforward evidence, we comparatively followed
up the evolution of apparent HO� concentrations over
time under different pH cases during ozonation and
results are shown in Fig. 4. The abundance of HO� as
expected got enlarged as solution basicity enhanced,
which was particularly pronounced as pH increased
from 9 to 11 with the corresponding HO� concentration
proliferated from 11.52 × 10−7 M to 35.76 × 10−7 M, and
the latter was about 18.4 times amount of that detected
at pH 5 (1.94 × 10−7 M) and 9.2 times of that detected at
pH 7 (3.90 × 10−7 M). Consequently, the TOC was
remarkably removed (close to 80%) at pH 11 in the
progress of ozonation over 180 min, while it cannot be
abated even to a half amount for other cases tested
within the same time period.

Fig. 3. Contribution ratio (θ) of HO� to aqueous O3 for
decolorization kinetics of MB during ozonation (Inserted
figure: Evolution of pseudo-first-order rate constant as a
function of solution pH).
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3.2. Effect of organic concentration

It was demonstrated that ozonation of MB as model
aromatic compound is completed both by molecular
ozone (O3) and hydroxyl radical (HO�), and the oxida-
tion kinetics performed to subject to solution pH con-
trolling the intensity of HO�-pathway. For a preset pH
level, however, the coefficient θ is not an absolute con-
stant for all ozonation cases since it is subject to the
nature of contaminant species as aforementioned and
may also be influenced by the concentration of target

organics coupled to the chemical activity. As shown in
Fig. 5, ozonation efficiency got substantially accelerated
as initial concentration of MB decreased, and the inset
figure shows a rapid drop in absorbance at 664 nm
designating the disappearance of MB (610 nm for dim-
mer of MB molecules). Meanwhile, the rise of aqueous
O3 was clearly fettered by the presence of MB causing
[O3]L levels to remain low in time period for decol-
orization (see Fig. 6), and the superficial concentration

Fig. 4. Profile of apparent concentration of hydroxyl radi-
cals (HO�) during ozonation of MB under solution pH of 5,
7, 9, and 11, respectively (Inserted figure: Evolution of
dimensionless TOC during ozonation of MB; error bars
represent the standard deviation of duplicate experiments).

Fig. 5. Decolorization kinetics at pH 11 during ozonation
with initial MB concentrations ([C]0,MB) of 20, 50, 80, 110,
and 140 mg L−1, respectively (Inserted figure: The UV/vis
absorption spectra of 4-times-diluted liquid samples
withdrawn at time interval of 2 min under [C]0,MB of
80 mg L−1).

Fig. 6. Concentration profile of aqueous ozone ([O3]L) over time during ozonation of MB with [C]0,MB of 20, 50, 80, 110,
and 140 mg L−1, respectively (Inserted figure: Bubbling-induced evolution of [O3]L over time in pure water under solution
pH of 5, 7, 9, and 11, respectively).
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of O3 discriminated among the cases with different
initial MB concentrations. The average values of aque-
ous O3 concentrations as a function of initial MB load
are listed in Table 1, among which the ½C�0; MB of
20 mg L−1 resulted in a relative higher [O3]L compared
to others, and the [O3]L tended to drop down with
increasing ½C�0; MB level (also can be seen in Fig. 6). As
a consequence of higher O3 concentration, the overall
rate constant (see Table 1) increased in response to the
decreasing ½C�0; MB, following the chemometrics as
expressed by Eq. (9).

To the opposite, Lackey et al. [22] in ozonation of
Acid Yellow 17 reported that the rate constant
decreased over time as target compound gradually
eliminated from 100 to 1 mg L−1, and they attributed
this phenomenon to an enhanced demand for aqueous
ozone. Actually, the accumulation of aqueous O3 lar-
gely depends on the rate of gas–liquid ozone transfer
prior to the depletion by bulk reactions, and mass
transfer between phases is controlled by both the
driven force subject to saturated O3 concentration
(labeled as ½O3��L in the inset of Fig. 6) as well as the
hydrodynamics affecting the volumetric gas–liquid
mass transfer coefficient [10]. For Lackey et al. [22] the
introduction of ozone was 79.20 mg min−1 at gas flow
rate of 3.78 L min−1, resulting in the concentration of
gaseous O3 at about 20.95 mg L−1, while in this work,
the actual concentration of gaseous ozone produced
by ozonizer was detected at about 65 mg L−1, indicat-
ing a more than three times higher of driven force at
the beginning of ozonation. Moreover, the hydrody-
namics during bubbling ozonation was controlled in
heterogeneous flow regime with superficial gas veloc-
ity of 0.144 m s−1 (see Fig. 1), which means a complete
mixing state benefiting the gas-to-liquid ozone trans-
fer. For this study, therefore, the concentration of
aqueous O3 can be maintained in a relatively steady
state in process of reactions consuming ozone in an
extreme fast velocity, thus guaranteed an adequate
supply of ozone and in turn gave rise to pseudo-first-
order kinetic profiles as analyzed. Thus, gas-to-liquid
ozone transfer should be taken into consideration for
evaluation of kinetics in bubbling ozonation processes.

As ozonation progressed to the time point for a
significant disappearance of MB (to about 6 mg L−1),
the [O3]L suddenly began to grow up until it attained
a steady state as shown in Fig. 6, which should be
assigned to the counteraction of O3 transferred from
gas to liquid with that depleted in the bulk phase
mainly by OH−. The inset of Fig. 6 exhibits the evolu-
tion of [O3]L in pure water (no MB present) as a func-
tion of consecutive bubbling of ozone at solution pH
of 5, 7, 9, and 11, respectively. It can be seen for basic
pH of 11 that the [O3]L remained largely depressed
even in scenario free from MB, indicating the fast
depletion of O3 molecules by OH− following mainly
Reaction (3) that overshadowed the accumulation of
O3 by gas–liquid mass transfer. However, the “screen-
ing effect” of solution pH on gas–liquid mass transfer
of O3 was seemingly remain weaker compared to the
consumption of O3 in reaction with MB, since transi-
tional time points of [O3]L exhibited to be subject to
the concentration of MB, and correspondingly the pro-
cess of ozone transfer between phases got concealed
particularly in time period for MB discoloration. This
phenomenon is because the presence of MB will
simultaneously result in a direct chemical absorption
of aqueous O3 as well as a fast depletion of HO�, and
the latter behavior will additionally accelerate the con-
sumption of dissolved ozone. Turning to parameter θ
as the relative contribution of HO� to O3 according to
Eq. (9), the impact of HO�-pathway dealing with MB
under basic solution (pH 11 adopted) has an inverse
correlation with the concentration of both aqueous O3

and target molecule (i.e. MB) as can be expressed by
Eq. (12).

h / 1

½C�½O3�1�c
L

(12)

For determination of θ, we could substitute the MB
concentration as ozonation launched (i.e. [C]0,MB) for
[C] term, replace [O3]L by average concentration of
aqueous O3 during decolorization period (labeled as
½O3�L), and take the value of γ as 0.199 computed by

Table 1
Parameters relevant to ozonation of MB at pH 11

[C]0,MB (mg L−1) ½O3�L (μg L−1) k (min−1) R2 (−) θ (−)
d½C�0;MB

dt
(mg (L min)−1)

20 67.4 0.705 0.966 1.944 14.10
50 48.2 0.445 0.962 1.017 22.25
80 36.1 0.294 0.971 0.801 23.52
110 24.4 0.286 0.973 0.797 31.46
140 18.1 0.234 0.957 0.795 32.76
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multiple non-linear regression analysis based on
Eq. (10). Results shown in Table 1 revealed that the
contribution of HO� exhibited to be influenced not only
by solution pH as discussed in Section 3.1, but by the
abundance of MB as model organic reactant. Interest-
ingly, the reduction of [C]0,MB allowed an enlarged con-
tribution of HO� oxidant referring to θ, which was
especially evident for [C]0,MB of 20 mg L−1 with θ grow-
ing up to 1.944. A proper explanation may be that the
apparent concentration of O3 can be maintained in a
relative high level because of lowered MB concentra-
tion, which could be captured more easily by
OH− under basic environment (pH 11) to generate HO�

following Reactions (3)–(7). Then, the abundance of
HO� populations got extended and the HO�-pathway
for advanced oxidation was intensified eventually.

It should be underlined that elevation of overall
rate constant associated with decreasing [C]0,MB is just
a reflection of kinetic process, while it did not link to
a faster disappearance in the molar amount of MB
and its by-products (i.e. the total ozonation efficiency
for degradation of MB). Based on pseudo-first-order
kinetic result, Eq. (2) can be transformed into a global
format as shown in Eq. (13),

d½C�
dt

¼ k½C� (13)

where k denotes the overall rate constant for ozonation
of MB.

The disappearance of MB per unit time

namely the term d½C�
dt

� �
was subject to both the kinetic

rate constant and the concentration of target
contaminant. Referring to Table 1, the total disruption
rate of MB once ozonation commenced

namely the term
d½C�0;MB

dt

� �
, opposite to the trend of k,

grew up with an increasing initial amount of MB,
indicating an intensified chemical absorption of ozone.

The chemical consumption of gaseous ozone was
defined by Eq. (14) for which the relevant parameters
were online monitored.

Ozone consumption ð%Þ ¼ ½O3�G;in � ½O3�G;out
½O3�G;in

� 100%

(14)

where [O3]G,in and [O3]G,out represent the inlet and
outlet of gaseous ozone concentration, respectively.

Results are illustrated in Fig. 7. One can see that
the bubbling system with higher MB load allowed
more vigorous absorption of ozone compared to that

with lower MB amount (particularly evident as [C]0,MB

dropped to 20 mg L−1 or totally absent), which is
indicative of an efficient utilization of gaseous O3 once
entered the liquid bulk where MB was highly concen-
trated. The result is also indicative that the driven
force accounting for gas-to-liquid ozone transfer
(i.e. ½O3��L � ½O3�L) should be in a relative higher state
with increasing MB concentration. And this inference
was in accordance with the fact that the rise of aque-
ous O3 was substantially suppressed in the progress
of ozonation especially for scenarios where more MB
concentrated (see Fig. 6).

4. Conclusions

Basic pH environment for ozonation processes is
known to benefit the generation of HO� inducing
advanced oxidation through chain steps of O3

hydrolysis (more likely by Reactions (3)–(7)), while
besides this set of decomposition behavior yielding
HO�, aqueous O3 being transferred from gas phase
(bubbles) to liquid bulk should simultaneously be
consumed by the presence of reductive organic sub-
stances (such as MB employed in this work). Then the
kinetic process by ozonation should be dictated by
some fundamental controlling factors including solu-
tion pH, concentration of organic contaminant, and
feeding of aqueous O3 by gas-to-liquid mass transfer,
and their implications during ozonation require fur-
ther discussion/evaluation by laboratory works in
order to gain an insight for a better process control.

Fig. 7. Consumption rate of gaseous ozone ([O3]G) over
time in bubbling ozone systems with and without MB
solute (Error bars represent the standard deviation of
duplicate experiments).
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In this work, kinetic study was conducted in a
bubbling ozone reactor dealing with methylene blue
(MB) as model compound, where the effects of
solution pH and organic load (i.e. MB concentration)
were investigated. Reaction experiments were
operated in heterogeneous flow regime allowing a
complete back-mixing and sufficient gas–liquid ozone
transfer. To make quantitative evaluation for the
impact of hydroxyl radical (HO�) pathway on kinetic
process, we established and analyzed parameter θ that
was designated to the contributive ratio of HO� on
degradation of MB compared with direct O3 attack.
Results demonstrated that elevating solution pH or
interestingly lowering organic abundance would
induce a substantial intensification of HO�-pathway
(i.e. enhancement of θ) and an increment of kinetic
rate constant for decolorization of MB as target con-
taminant. Nevertheless, appropriate level of organic
load is suggested to be considered for utilization of
bubbling ozone, since as noted during experiments,
reduction of MB concentration also exhibited to impair
the chemical consumption of gaseous ozone (or effec-
tive use of ozone energy) that is responsible for global
oxidative disruption of contaminants (namely the MB
molecules and reductive intermediates for this study).
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