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In this study, high-gravity intensified heterogeneous catalytic ozonation is utilized for treatment of
phenol-containing wastewater, and the kinetics of the direct reaction between ozone and phenol in
the presence of excess tertiary butanol (TBA) is investigated. It is revealed that the direct reaction
between ozone and phenol in the rotating packed bed (RPB) follows the pseudo-first-order kinetics with
a reaction rate constant higher than that in the conventional bubbling reactor (BR). Under different con-
ditions of temperature, initial pH, high-gravity factor, and gaseous ozone concentration, the apparent
reaction rate constant varies in the range of 0.0160–0.115 min�1. An empirical power-exponential model
is established to characterize the effects of these parameters on the direct reaction between ozone and
phenol by high-gravity intensified heterogeneous catalytic ozonation.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction Cu-MnOX/c-Al2O3 [9] and Cu-Ni-Co/c-Al2O3 [10], have been widely
Phenol is often present in large quantities in wastewater dis-
charged from coal processing, dyeing and coking industries [1–3],
and it has high teratogenic, carcinogenic and mutagenic potential
that may lead to serious consequences to humans even in a trace
amount [4]. Because of this, phenol is regarded as a priority pollu-
tant by the US EPA (United States Environmental Protection
Agency) [5], and a great deal of effort has been made in the treat-
ment of phenol wastewater. Ozone (O3) is a strong oxidant with a
redox potential of 2.07 V and ozonation would cause no secondary
pollution as only oxygen is produced from the reaction of O3 with
organic pollutants. These desired properties make O3 an attractive
candidate for treatment of organic wastewater [6,7]. However,
given the low solubility of O3 in water and the low selectivity of
organic compounds, incomplete reaction is likely to occur between
O3 and organic pollutants and thus limits the practical application
of ozonation.

Heterogeneous catalytic ozonation has emerged as an effective
and environmentally friendly method for the treatment of organic
wastewater [8], in which solid catalysts are used in order to over-
come the problems, such as difficult separation of catalysts and
secondary pollution, that are likely to occur in homogeneous
catalytic ozonation. Supported transition metal oxides, such as
used in heterogeneous catalytic ozonation due to their low prepa-
ration cost and high catalytic activity. O3 can be adsorbed on the
active sites on the catalyst surface and then decomposed into
hydroxyl radicals via a series of chain reactions, and these hydroxyl
radicals have high oxidative capacity and react non-selectively
with organic pollutants. As a result, the organic pollutants in
wastewater can be completely mineralized into CO2 and H2O
[11]. Wu et al. [12] prepared mesoporous Mn-CeOX/c-Al2O3 for cat-
alytic ozonation of bromaminic acid (BAA) in an aeration device,
and the results revealed that Mn-CeOX/c-Al2O3 significantly
improved the degradation of BAA, but the mineralization rate
was not as high as expected because the low mass transfer rate
of O3 from the gas phase to the liquid phase led to the dissolution
of less O3 and subsequently the formation of less �OH. Thus, there is
a need to increase the mass transfer rate of gas-phase O3 in order to
improve the degradation efficiency of organic pollutants [13,14].

The high-gravity technique is known as a novel chemical pro-
cess intensification technique [15], whereby a high-gravity field
is created by the high-speed rotating packing, so that the liquid
flowing in the porous media or pores can be sheared into small
droplets or thin films. Thus, the mass transfer rate is increased as
a result of the large specific surface area and fast renewal of the
interface [16,17]. Jiao et al. [18] found that the mass transfer coef-
ficient in the O3-deionized water adsorption process in rotating
packed bed (RPB) was 5.6 times that in an aeration reactor under
the same experimental conditions. Thus, it is concluded that the
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high-gravity technique has the potential to enhance the mass
transfer of O3 and thus the amount of O3 dissolved in water in unit
time.

High-gravity intensified heterogeneous catalytic ozonation
could be a method of choice for treatment of organic wastewater.
Wei et al. [19] found that under the optimal conditions, the
removal rate of phenol by heterogeneous catalytic ozonation with
Fe-Cu-MnOX/c-Al2O3 catalysts in RPB reached 100% after 7 min and
the removal rate of total organic carbon (TOC) reached 96.42% after
30 min. It should be noted that the mineralization rate in RPB was
about 21% higher than that in a bubbling reactor. The high-gravity
technique can improve not only the mass transfer of O3 but also
the turbulence of the liquid [20–22]. However, despite a large
number of studies on the optimization of degradation process
parameters, little is known about the reaction kinetics for the
heterogeneous catalytic ozonation of phenol in RPB. Obviously,
such knowledge is essential to better understand the degradation
mechanism of organic pollutants by catalytic ozonation in a
high-gravity environment and to improve the design of RPB. It
should be noted that the degradation of organic pollutants is the
result of the direct reaction with O3 and the indirect reaction with
free radicals such as �OH generated from the decomposition of O3

[23]. O3 can attack electron-rich centers via direct electrophilic
reactions, and then the aromatic ring is opened to form biodegrad-
able low-molecular weight compounds [24]. Thus, it is important
to understand the direct reaction between O3 and phenol in a
high-gravity environment.

In this study, the free radical scavenger tertiary butanol (TBA) is
added to the simulated phenol wastewater to investigate the kinet-
ics of the direct reaction between O3 and phenol in high-gravity
intensified heterogeneous catalysis using the solute consumption
method [23]. The effects of initial solution pH, high-gravity factor,
gas-phase O3 concentration, and temperature on the reaction rate
are investigated using the single-factor variable method, and an
empirical kinetic model is established to describe the effects of
these parameters on the reaction rate.
2. Experimental

2.1. Materials and instruments

Spherical Fe-Mn-CuOX/c-Al2O3 particles (diameter: 3–5 mm;
specific surface area: 212.94 m2�g�1; pore volume: 0.705 cm3�g�1;
pore size: 5.61 nm) were used as the catalyst. The reagents used in
the experiment included phenol (PhOH), tertiary butanol (TBA),
sodium hydroxide (NaOH), sulfuric acid (H2SO4) and sodium thio-
sulfate (Na2S2O3), all of which were analytically pure. All solutions
were prepared with deionized water. The instruments used in this
study included a RPB (Research Centre of Shanxi Province for High
Gravity Chemical Engineering and Technology, China, Table 1); an
ozone generator (CF-G-3-20g, Shandong Qingdao Guolin Technol-
ogy Co., Ltd., China); a Dionex Ultimate 3000 instrument (USA)
for high-performance liquid chromatography; a pH detector
(FE28-Standard, Swiss MT Group); a gas-phase ozone concentra-
tion detector (3S-J5000; Beijing Tonglin Technology Co., Ltd.,
Table 1
The equipment parameters of the RPB

Parameters Values

Inner diameter/mm 90
Outer diameter/mm 30
Packing height/mm 60
Packing porosity/m3�m�3 0.68
China); and a liquid-phase ozone concentration detector
(DOZ5500; Beijing Tonglin Technology Co., Ltd., China).
2.2. Analytical methods

2.2.1. The degradation efficiency of PhOH
The PhOH concentration was determined by high-performance

liquid chromatography (HPLC; Dionex Ultimate 3000, USA) using a
C18 reversed phase column, where the detection wavelength was
set at 270 nm, the methanol (chromatographic grade; Kemiou
Chemical Reagent C.o. Ltd., China)-water mixture (60:40) acted
as the mobile phase with a flow rate of 1.0 ml�min�1, the column
temperature was set to 298 K, and the injection volume was set
to 20 ll.

The degradation efficiency of PhOH is defined as follows:

gPhOH ¼ ðC0 � CtÞ=C0
� �� 100% ð1Þ

where g (%) is the degradative efficiency of PhOH, C0 is the initial
PhOH concentration in the solution (mg�L�1), and Ct is the PhOH
concentration after reaction (mg�L�1).
2.2.2. The rate constant of the direct reaction between O3 and phenol
In the high-gravity intensified heterogeneous catalytic ozona-

tion of phenol, phenol can react directly with O3 dissolved in water
and indirectly with �OH generated from the self-decomposition or
Fe-Mn-CuOX/c-Al2O3 catalyzed decomposition of dissolved O3. The
reaction rate can be described as follows:

�dCPhOH

dt
¼ kO3 ;PhOHCO3 ;tCPhOH;t þ k�OH;PhOHC �OH;tCPhOH;t ð2Þ

where kO3 ;PhOH is the rate constant of the direct reaction between O3

and phenol, L�mol�1�s�1; CO3 ;t , CPhOH;t and C �OH;t are the concentra-
tions of dissolved O3, phenol and �OH at time t, mol�L�1, respec-
tively; and k�OH;PhOH is the rate constant of the indirect reaction
between phenol and �OH, L�mol�1�s�1.

In order to elucidate the direct reaction kinetics, excess TBA was
added to scavenge �OH. In this case, the reaction rate for the direct
reaction between O3 and phenol can be described as follows:

�dCPhOH

dt
¼ kO3 ;PhOHCO3 ;tCPhOH;t ð3Þ

where kO3 ;PhOH is the rate constant of the direct reaction, L�mol�1�s�1.
Note that kO3 ;PhOH could not be determined directly from Eq. (3),

and instead it is determined by the solute consumption method in
this study. For this purpose, excess O3 is provided to ensure a con-
stant O3 concentration throughout the experiment. In this case, the
reaction between O3 and phenol is assumed to follow the pseudo-
first-order kinetics, and thus Eq. (3) can be changed into:

�dCPhOH

dt
¼ kappCPhOH;t ð4Þ
kapp ¼ kO3 ;PhOHCO3 ;t ð5Þ

where kapp is the apparent rate constant of the direct reaction
between O3 and phenol, s�1.

Eq. (4) can be simplified into:

lnðCPhOH;0=CPhOH;tÞ ¼ kappt ð6Þ
It is known from Eq. (4) that once the phenol concentration at t

is known, the apparent rate constant of the direct reaction between
O3 and phenol can be calculated.



K. Gao et al. / Chinese Journal of Chemical Engineering 53 (2023) 317–323 319
2.3. Reaction kinetics

The reaction kinetics is used to describe the reaction rate as a
function of time under the effects of different factors. It is known
that the degradation rate of phenol is closely associated with tem-
perature, initial solution pH, high-gravity factor and gas-phase O3

concentration, and their effects can be described by the following
empirical power-exponential model [25,26]:

CPhOH;t ¼ CPhOH;0expð�kO3 ;PhOHtÞ ð7Þ
m n p
kO3 ;PhOH ¼ Aexpð�Ea=RTÞCOH�CO3
N ð8Þ

Taking the logarithm on both sides yields:

ln kO3 ;PhOH ¼ lnA� Ea

RT
þm lnCOH� þ n lnCO3 þ p lnN ð9Þ

where kO3 ;PhOH is the apparent rate constant of the direct reaction
between O3 and phenol, min�1; A is the pre-exponential factor; Ea
is the apparent activation energy of the direct reaction, J�mol�1; R
is the gas constant, 8.314 J�mol�1�K�1; T is the reaction temperature,
K; COH� is the OH– concentration, mol�L�1; CO3 is the gas-phase O3

concentration, mg�L�1; N is the rotation speed of the rotor, r�min�1;
and m, n and p are the reaction orders.
2.4. Catalytic ozonation experiments

The experimental setup for catalytic ozonation is schematically
shown in Fig. 1.

A mixture of O3 and O2 was produced from O2 stored in the oxy-
gen cylinder using an O3 generator, and the O3 concentration was
measured using a gas-phase O3 concentration detector. The mix-
ture was introduced into RPB from the gas inlet and flowed
through the packing along the axis. The phenol solution was
pumped from the storage tank into RPB using a circulating pump,
and then sheared into micro-elements by the high-speed rotating
packing in order to fully react with the gas mixture passing
through the packing. In the liquid pipeline, the liquid-phase O3

concentration was measured using a liquid-phase O3 concentration
detector. Samples were taken at a regular time interval, and
0.01 mg�L�1 Na2S2O3 solution was added dropwise immediately
to terminate the reaction of O3 in the liquid. The exhaust gas was
discharged from the air outlet and absorbed by KI solution. The
same experiments were also performed in a bubbling reactor
(BR) under the same conditions for comparison.
Fig. 1. Schematic of high-gravity intensified heterogeneous catalytic ozonation. 1-O2 c
liquid flow meter; 7-circulating pump; 8, 10-tee; 9-liquid phase O3 concentration detec
3. Results and Discussion

In this study, TBA is used to scavenge �OH in order to investigate
the direct reaction between O3 and phenol. As the reaction rate
constant of TBA with �OH (4.6 � 108 L�mol�1�s�1) is 11 orders of
magnitude higher than that with O3 (0.003 L�mol�1�s�1), �OH can
be completely scavenged in the presence of excess TBA [27,28].
Fig. 2 reveals that the removal rate of phenol in the presence of
10 ml of TBA (87.9%) is 10% lower than that in the absence of
TBA. This is because in the former case phenol can react with only
dissolved O3 due to scavenging of �OH by TBA; while in the absence
of TBA, phenol can react directly with dissolved O3 and indirectly
with �OH generated from the self-decomposition or Fe-Mn-CuOX/
c-Al2O3 catalyzed decomposition of dissolved O3 [29]. However,
as the amount of �OH generated is much lower than that of O3,
the addition of excess TBA leads to no further decrease in the
removal rate of phenol. In this study, the indirect reaction between
phenol and �OH can be completely inhibited at a TBA dosage of
10 ml, leaving only the direct reaction between O3 and phenol
[30]. Thus, the TBA dosage is set to 10 ml in the following
experiments.

Fig. 3 shows the rate constant of the direct reaction between O3

and phenol in RPB and BR. It is seen that under the same condi-
tions, the rate constant is 0.0421 min�1 in RPB and 0.0246 min�1

in BR, indicating that RPB can facilitate the direct reaction between
O3 and phenol. This is because the liquid can be sheared into
microelements by the high-speed rotating packing, which can
increase the gas–liquid contact area [15] in unit time and thus
increase the reaction rate between O3 and phenol.
3.1. The kinetics of the direct reaction between O3 and phenol in RPB
3.1.1. Effects of temperature
Temperature can have an effect on the reaction rate, as the Vant

Hoff’s law suggests that the reaction rate would be increased by 2–
4 times with the increase of temperature by 10 K [31]. There is an
exponential relationship between the reaction rate constant and
temperature as described by the Arrhenius equation:

lnK ¼ � Ea

RT
þ lnA ð10Þ

where K is the reaction rate constant, Ea is the activation energy, A is
the pre-exponential factor, and R is the perfect gas constant.
ylinder; 2-O3 generator; 3-O3 concentration detector; 4-gas flow meter; 5-RPB; 6-
tor; 11-valve; 12-storage tank; 13-exhaustgas treatment device.
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Fig. 2. The effect of TBA dosage on the removal rate of phenol (pH = 2, T = 293 K,
b = 20, CO3 =30 mg�L�1, CPhOH=100 mg�L�1, QG = 60 L�h�1, VL = 80 L�h�1).

Fig. 4. The effect of temperature on the reaction rate of the direct reaction between
O3 and phenol in RPB (pH = 2, b = 20, CO3 =30 mg�L�1, CPhOH=100 mg�L�1, QG = 60
L�h�1, VL = 80 L�h�1, VTBA = 10 ml) T = 293, 303, 313 K, kapp=0.0308, 0.0595,
0.0942 min�1.
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It is known that temperature can affect the kinetics of direct
reaction [32]. Specifically, as the temperatures rose, ozone
becomes unstable because the activated molecules involved in
the direct reaction are more likely to collide with each other to
increase the reaction rate constant. In this experiment, the effect
of temperature (293 K, 303 K, 313 K) on the direct reaction rate
between O3 and phenol is investigated, and the experimental
results are shown in Fig. 4.

As shown in Fig. 4, the reaction rate is increased from
0.0308 min�1 at 293 K to 0.0595 min�1 at 303 K and then to
0.0942 min�1 at 313 K. In Arrhenius equation, the activation
energy (Ea) can be regarded as a temperature independent con-
stant. The pre-exponential factor (A) can be affected by the reaction
rate constant and the collision frequency of molecules. Increasing
the temperature will accelerate the collision frequency between
ozone and phenol, which in turn promotes the reaction between
ozone and phenol. However, it also noted that high temperature
can adversely affect the mass transfer of O3 [33,34]. In this study,
it is found that the O3 concentration in the liquid phase is close
to 0, indicating that the direct reaction between O3 and phenol is
a fast reaction that occurs in liquid films [35]. Thus, change in O3
Fig. 3. The rate constant of the direct reaction between O3 and phenol in RPB and
BR (RPB: pH = 2, b = 20, CO3 =30 mg�L�1, CPhOH=100 mg�L�1, T = 293 K, VTBA = 10 ml,
QG = 60 L�h�1, VL = 80 L�h�1; BR: pH = 2, T = 293 K, CO3 =30 mg�L�1, CPhOH=100 mg�L�1,
VTBA = 10 ml).
solubility is unlikely to has an effect on the reaction rate. Overall,
increasing the temperature can increase the reaction rate between
O3 and phenol [36].

3.1.2. Effect of initial solution pH
Fig. 5 reveals that the initial pH of the solution also has an effect

on the reaction rate between O3 and phenol. At 40 min, the reac-
tion rate is 0.0421 min�1 at pH = 2, 0.0581 min�1 at pH = 4,
0.0920 min�1 at pH = 6, and 0.115 min�1 at pH = 8, respectively,
which indicates that the direct reaction is increased at higher ini-
tial pH. The reason may be that the mass transfer rate of O3 is
increased with increasing initial pH [37], and thus O3 will be
decomposed at a higher rate and the equilibrium concentration
will be reduced. Some dissolved O3 can react directly with phenol,
while the rest can be decomposed into �OH under the effect of OH–

[38], which in turn can be completely captured by excess TBA.
However, the O3 concentration in the liquid phase is still close to
0 at high pH, confirming that the direct reaction between O3 and
phenol is a fast reaction.
Fig. 5. The effect of the initial solution pH on the reaction rate between O3 and
phenol in RPB (b = 20, CO3 =30 mg�L�1, CPhOH=100 mg�L�1, T = 293 K, QG = 60 L�h�1,
VL = 80 L�h�1, VTBA = 10 ml) pH = 2, 4, 6, 8, kapp=0.0421, 0.0581, 0.0920, 0.115 min�1.
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At pH = 6 which is close to the pHpzc of Fe-Mn-CuOX/c-Al2O3

(6.24), M�OH is present on the catalyst surface with almost no
charges, and the density and catalytic activity of hydroxyl groups
reach the maximum [39]. Also, the dissolved O3 can contact more
frequently with the active sites on the catalyst surface, and thus
more �OH would be generated and then removed by excess TBA.
The reaction equations between the hydroxyl groups on the cata-
lyst surface and O3 are shown in Eqs. (11) � (14). As the reaction
rate between O3 and phenol is much larger than that of the decom-
position of O3 adsorbed on the catalyst surface, pH has no obvious
effect on the adsorption of O3 on the catalyst surface. On the whole,
increasing the solution pH increases the rate constant of the direct
reaction between O3 and phenol.

� M� OHþ O3 !� Mþ �O�
2 þ �HO2 ð11Þ

�O�
2 þ O3 ! �O�

3 þ O2 ð12Þ

�O�
3 þHþ ! �HO3 ð13Þ

�HO3 ! �OHþ O2 ð14Þ
3.1.3. Effect of high-gravity factor
The high-gravity factor (b) is a dimensionless parameter charac-

terizing the intensity of the high-gravity field, and it is defined as
the ratio of the centrifugal acceleration to the acceleration of grav-
ity [40]:

b ¼ G
g
¼ rx2

g
¼ N2r

894
ð15Þ

where r is the radius of the rotor, m;x is the angular velocity of the
rotor, s�1; g is the acceleration of gravity, m2�s�1; N is the rotation
speed of the rotor, r�min�1, which is controlled by adjusting the fre-
quency converter. However, as the high-gravity factor is propor-
tional to the square of the rotation speed of the rotor, the
intensity of the high-gravity filed can be changed by adjusting the
rotation speed of the rotor.

Fig. 6 reveals that at 40 min, the reaction rate is 0.0449 min�1 at
b = 10, but it is increased to 0.0603 min�1 at b = 20 and then it is
decreased to 0.0438 min�1 at b = 40. It is clear that the rotation
speed is increased at higher high-gravity factors, and as a result
the degree of liquid turbulence is increased and the liquid film
Fig. 6. The effect of high-gravity factor on the reaction rate of the direct reaction
between O3 and phenol in RPB (pH = 2, CO3 =30 mg�L�1, CPhOH=100 mg�L�1, T = 293 K,
QG = 60 L�h�1, VL = 80 L�h�1, VTBA = 10 ml) b = 10, 20, 30, 40, kapp=0.0449, 0.0603,
0.0487, 0.0438 min�1.
becomes thinner, and the transfer of ozone from gas phase to liquid
phase is promoted. The increase of b also allows the liquid to over-
come the effect of surface tension and move in the catalysts at a
very high speed and a very small scale [41]. However, the residence
time of the liquid in the packing is inversely proportional to the
high-gravity factor [42]. In this case, the reaction rate is reduced
and more energy consumption and cost are required. Thus, the
reaction rate between O3 and phenol first increases and then
decreases with the increase of high-gravity factor, and theoreti-
cally there should be an optimal high-gravity factor.

3.1.4. Effects of gas-phase O3 concentration
Fig. 7 reveals that as the gas-phase O3 concentration is

increased from 10 mg�L�1 to 30 mg�L�1, the reaction rate is
increased by 276% from 0.0160 min�1 to 0.0603 min�1; while
increasing the gas-phase O3 concentration to 40 mg�L�1 results in
a 44.1% increase in the reaction rate to 0.0869 min�1. Obviously,
increasing the gas-phase O3 concentration can increase the driving
force for the mass transfer of O3 [43], and as a result phenol will be
more likely to contact with O3. However, at high gas-phase O3 con-
centrations, more O3 will be discharged before dissolution, leading
to low utilization efficiency of O3 [44] and consequently low reac-
tion rate. Thus, an appropriate concentration of O3 should be used
in industrial applications.

3.2. Empirical kinetic model for high-gravity intensified heterogeneous
catalytic ozonation

3.2.1. Plot of lnkO3 ;PhOH against 1/T
The plot of ln kO3 ;PhOH against 1/T is shown in Fig. 8, where the

correlation coefficient is R2 = 0.991 and the slope is k=�Ea=R =
–2732.16. Then, the apparent activation energy of the direct reac-
tion between O3 and phenol is determined to be 16023.08 J�mol�1,
and the pre-exponential factor A is 352.35.

3.2.2. Plot of lnkO3 ;PhOH against lnCOH-

The plot of lnkO3 ; PhOH against ln COH- is shown in Fig. 9, where
the correlation coefficient is R2 = 0.988 and the slope k is 0.0592.

3.2.3. Plot of lnkO3 ;PhOH against ln CO3

The plot of ln kO3 ;PhOH against lnCO3 is shown in Fig. 10, where
the correlation coefficient is R2 = 0.990 and the slope k is 1.23.
Fig. 7. The effect of gas-phase O3 concentration on the reaction rate between O3

and phenol in RPB (pH = 2, b = 20, CPhOH=100 mg�L�1, T = 293 K, QG = 60 L�h�1, VL = 80
L�h�1, VTBA = 10 ml)CO3 = 10, 20, 30, 40 mg�L�1, kapp=0.0160, 0.0244, 0.0603,
0.0869 min�1.



Fig. 8. The fitting curve of ln kO3 ;PhOH against 1/T.

Fig. 9. The fitting curve of ln kO3 ;PhOH against lnCOH- .

Fig. 10. The fitting curve of lnkO3 ; PhOH against lnCO3 .

Fig. 11. The fitting curve of ln kO3 ;PhOH against lnN.
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3.2.4. Plot of lnkO3 ;PhOH against lnN
The plot of ln kO3 ;PhOH against lnN is shown in Fig. 11, where the

correlation coefficient is R2 = 0.999 and the slope k = 0.326.
It follows from the linear regression equation that:

CPhOH;t ¼ CPhOH;0exp½352:35expð�16023:08=RTÞ�C0:0592
OH� C1:23

O3
N0:326t

ð16Þ
It is seen that m, n and p are larger than 0, indicating that initial

pH, gas-phase O3 concentration and the rotation speed of the rotor
are positively related to the rate constant. In addition, the Ea/R
value is always larger than 0, indicating that the reaction rate
increases with increasing temperature. According to the empirical
kinetic model, the effects of these parameters on the degradation
of phenol follow the order of gas-phase O3 concentration CO3＞
the rotation speed of the rotor N＞OH– concentration COH- .
4. Conclusions

In this study, excess TBA is used to eliminate the indirect reac-
tion between phenol and �OH generated from the decomposition of
O3, and the kinetics of the direct reaction between O3 and phenol in
RPB is investigated. It is revealed that in a high-gravity environ-
ment, the direct reaction between O3 and phenol follows the
pseudo-first-order kinetics with reaction rates in the range of
0.0160–0.115 min�1 under the conditions of T = 293–313 K,
pH = 2–8, b = 10–40, and CO3 = 10–40 mg�L�1. The O3 concentration
in the liquid phase is 0, indicating that the direct reaction between
O3 and phenol is a fast reaction that occurs on liquid films. The rate
constant increases with the increase of temperature, initial solu-
tion pH and gas-phase O3 concentration, but it increases and then
decreases with the increase of high-gravity factor. Compared with
BR, the direct reaction between O3 and phenol is greatly intensified
in RPB. An empirical power-exponential model is proposed for the
high-gravity intensified heterogeneous catalytic ozonation of phe-
nol, which reveals that temperature, initial solution pH, high-
gravity factor, and gas-phase O3 concentration have significant
effects on the rate constant of the direct reaction between O3 and
phenol. Thus, it is concluded that the high-gravity technique can
intensify the direct reaction between O3 and phenol and thus
enhance the degradation of phenol in wastewater.
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