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Diclofenac (DCF), an anti-biodegradable drug, needs to be post-treated after conventional biochemical
treatment. In this paper, ultrasound enhanced ozonation (UEO) under different conditions was employed
to degrade DCF. The results showed that DCF was completely degraded by UEO in 8 min and complete
total organic carbon (TOC) removal occurred in 120 min. The generation of ‘OH via UEO could be
achieved through ozone decomposition, H,O sonolysis, and ozone sonolysis, which contributed to the
complete mineralization of DCF. The total amount of “OH produced by 200 kHz UEO was 3.8 times
higher than that of single ozonation plus single sonolysis in 120 min. Typical persistent intermediates of
DCF, such as oxalic acid and oxamic acid, could be efficiently degraded by UEO. It was found that
60 min ozonation followed by 60 min UEO had the best mineralization energy efficiency (MEE) (113 mg
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Accepted 16th March 2020 (kW h)™) at the base of complete mineralization and there was one-third reduction in the total energy
consumption compared to that for single UEO. Based on the analysis of the evolution index (El), pH was
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1. Introduction

As a primary component of non-steroidal anti-inflammatory
drugs, diclofenac (DCF) is thought to be one of the emerging
pollutants in the last ten years." At present, DCF is often
detected in municipal sewage influents and effluents, surface
water, and groundwater.> Toxicological investigations have
shown harmful effects on aquatic species even at low DCF
concentrations,*>* and toxic breakdown products are formed by
the degradation of DCF.>® Accordingly, DCF must be eliminated
entirely before reaching natural water.”

Ozone is a highly selective oxidant with the standard
potentials of 1.25 V in basic solutions and 2.07 V in acidic
solutions.” It has been extensively reported that organic
contaminants are rapidly destroyed by ozonation. However, the
reaction intermediates of these contaminants cannot be
completely mineralized generally, which limits the broad
applications of ozonation.**° The introduction of different
physical fields in ozone-based advanced oxidation processes
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irradiation, which saves irradiation times for practical use.

(AOPs), including ultrasound, ultraviolet radiation, and elec-
tricity, are practical protocols to improve the mineralization
capacity of ozonation."™ Among various protocols, previous
investigations have shown that in ultrasound enhanced ozon-
ation (UEO), the ultrasound process promotes mass transfer
between ozone and the solution through agitation'* as well as
promotes ozone cleavage and hydrolysis through cavitation,
which results in the improvement of oxidation ability through
the production of more "OH radicals.” Moreover, UEO has the
potential advantages of being simpler, safer, and cleaner than
conventional AOPs."®

It is well known that energy efficiency is one of the critical
factors for the application of AOPs. The sequential reactions
combine the advantages of different AOPs for improving treat-
ment performance and promoting energy efficiency.'”'®* As no
additional equipment is required for UEO, the O;-UEO self-
sequential treatment, which combines the degradation ability
of ozonation and the mineralization ability of UEO, has been
proposed for process optimization. The environment friendli-
ness and cost-effectiveness of the O;-UEO self-sequential
treatment are determined by the time point of ultrasound
irradiation, which has barely been reported. The aims of this
study are (1) to study the complete degradation of DCF by
ozonation and UEO and the enhanced mechanism of UEO; (2)
to improve the mineralization energy efficiency using the O;-
UEO self-sequential process; and (3) to find the best judgment
index for the self-sequential UEO process for indicating the time
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point of ultrasound irradiation. This study offers more insights
into the development of UEO for the mineralization of DCF in
water, provides a feasible innovative energy-saving mode for the
practical applications of combined processes, such as the Oz-
UEO self-sequential process, and proposes reaction control
indicators to improve the operability of applications.

2. Materials and methods
2.1 Materials

Diclofenac (sodium salt), characterized by a water solubility of
237 mg L' at 25 °C, was provided by Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Spiked solutions with
initial DCF concentrations (20 mg L~ ') were prepared using
water from Milli-Q equipment.

2.2 Experimental procedure

As shown in Fig. 1, the degradation of DCF was performed in an
ultrasonic plate reactor, which was composed of stainless steel
with width x height x depth of 12.0 x 24 x 12 cm. Three sides
of the lower half of the reactor were installed with three series of
piezoelectric transducers and were arranged in sequences at 68,
100, and 200 kHz, respectively. Three frequency generators and
a power supply were in the emitting system. The maximum
ultrasonic power inputs of the three fields were 200 W (68 and
100 kHz) and 180 W (200 kHz). Cold water from a cooling
system was kept outside the top half of the reactor and was
circulated to control the reaction temperature at about 25 °C.
Ozone was produced from O, (99.999%) through a CH-
ZTW3G ozone generator (Guangzhou Chuanghuan Ozone
Electric Appliance Co. Ltd., China) using the electric discharge
method at 100 W. Subsequently, the ozone was fed into the
reactor system with water samples through a ©10.0 cm arc
porous titanium plate (pore diameter: 0.22-100 pm, porosity:
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35-50%, and bubble diameter: 0.1-2 mm) at the bottom of the
reactor. In this experiment, the flow speed of ozone was 0.3
L min !, and the ozone concentration was controlled at
32.0 mg L. In order to eliminate any possible side effects, the
reactor should be pre-ozonated for 2 min and washed three
times with distilled water. Following this, the DCF solution (3 L)
was pumped into the reactor and then circulated at a rate of 0.1
L min~'. Samples were taken from the reactor at different
reaction times to evaluate the multiple parameters in solution.
The degradation experiments were carried out directly at an
initial pH of ca. 6.8. All the experiments were performed in
triplicate.

2.3 Analytical methods

DCF concentrations were determined by HPLC using a Shi-
madzu LC-20AT equipment, which was attached to a diode array
detector and an Eclipse XDB-C18 column (4.6 mm x 150 mm, 5
pum) under isocratic elution. The mobile phase was composed of
25% of the glacial acetic acid buffer solution with 75% meth-
anol with a flow rate of 1 mL min~". Oxalic and oxamic acid
were evaluated by Thermo TSQ Quantum Access MAX using
a Waters HSS T3 column (10 cm x 2.1 mm, 1.8 pm) operating
under isocratic elution of the mobile phase at a rate of 0.5
mL min~". The mobile phase contained water and acetonitrile
(volume ratio 1 : 3).

The solution pH was measured using a pH electrode
(Thermo Orion model 420 A+) connected to a digital pH meter.
A TOC analyzer (Vario TOC, Elementar, Germany) was used for
TOC determination. The TOC detection limit was 0.03 ppm and
the minimum detection concentration of TOC was 0.1 ppm. The
gaseous ozone concentration was measured using the iodo-
metric titration method. To measure the transient concentra-
tion of hydroxyl radicals produced by the decomposition of
ozone, 5.0 ¢ L' tert-butanol was added to the DCF solution.

UEO reactor

»l

oY

Sampling p oint Peristaltic pump

Fig. 1 Scheme of experimental facility for DCF degradation by ultrasound enhanced ozonation.
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tert-Butanol can scavenge hydroxyl radical and produce stoi-
chiometric formaldehyde. The concentration of formaldehyde
was determined by the Hantzsch method."?° The sample was
mixed with the Hantzsch reagent and heated for 30 min at 323 K
in the dark. The concentration was determined using absor-
bance at 412 nm (¢ = 7530 (M cm) ).

Equipped with a Dionex Ionpac CS12A column, the Dionex
ICS-90 ion chromatograph was used to determine the ammo-
nium concentration. Isocratic elution was done with H,SO, (11
mM) at a flow rate of 1.2 mL min~". The suppressor current was
set to 90 mA. Anion concentrations were measured with a Dio-
nex DX-600 ion chromatograph on a Dionex Ionpac AS14
column at a flow rate of 1.5 mL min~"'. Elution was done with
3.5 mM Na,CO;/1.0 mM NaHCO; gradient programs. The
suppressor current was set at 49 maA.

3. Results and discussion

3.1 Degradation and mineralization of DCF by ozonation
and UEO

Generally, after the degradation of DCF, it is broken into other
substances, while after its mineralization, it is converted to
inorganic compounds, such as H,O, CO,, and NO; . Experi-
ments were performed to investigate the degradation efficiency
of DCF under different processes, including single ozonation
and UEO (68, 100, and 200 kHz). The results are presented in
Fig. 2. As shown in Fig. 2a, for all the experiments, DCF mole-
cules were quickly degraded in less than 8 min. The introduc-
tion of ultrasound could enhance degradation slightly when
compared to single ozonation. This enhancement may be due to
a decrease in the liquid film thickness and an increase in the
mass transfer coefficient caused by ultrasound.** Although DCF
pollutants can be easily degraded by ozonation, it is difficult to
mineralize DCF completely. For example, Moreira® reported
that DCF (0.1 mM) was completely degraded in 5 min of ozon-
ation, but the extent of mineralization was only 40% after 3 h.
Vogna** studied DCF (1 mM) degradation by ozonation and
observed complete degradation after 8 min, but the extent of
mineralization was only 32% after 1.5 h.

UEO was introduced to investigate the improvement in the
mineralization efficiency. In Fig. 2b, the normalized TOC (TOC/
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TOC,) as a function of time is shown for DCF (TOC, =
10.6 mg L™ ). The single ozonation mineralization rate reached
77% after 120 min. All ultrasound frequencies can enhance DCF
mineralization, and 200 kHz UEO can lead to complete miner-
alization after 120 min. Hydroxyl radicals are more powerful
oxidants with an electrochemical oxidation potential of 2.80 V
in comparison to 2.07 V for ozone. Consequently, ozone can
open aromatic compounds though its reaction with the inter-
mediates (carboxylic acid and carbonyl compounds) is slow.
Thus, these intermediates cannot be completely oxidized by
molecular ozone and due to their accumulation, they become
the major components of TOC residues.>** Therefore, in this
study, single ozonation was considered as a useful process for
eliminating the parent compound but not the intermediates.
The higher mineralization of DCF by UEO may be due to the
generation of more "OH radicals, which are less selective and
stronger oxidants than ozone. Moreover, ‘OH can react with the
intermediates, such as small-chain organic acids. These results
indicate that UEO and ozonation have different oxidation
mechanisms, which need further investigation.

The first-order kinetic expression is generally used to inves-
tigate reaction kinetics due to its accuracy and simplicity.*
Therefore, the following first-order kinetic expression was used
to describe the DCF degradation reaction rate:

r=dC/dt = kKCI/(1 + kC) 1)

Here, C is the reactant concentration, r is the DCF degradation
rate, k is the reaction rate constant, ¢ is the reaction time, and K
is the degradation coefficient of the reactant. When C, is the
initial reactant concentration, eqn (1) is simplified to an
apparent first-order equation:

In(Co/C) = kt (2)
The synergy index is a quantitative way to evaluate enhanced
processes***** and can be defined as follows:

kUEO (3)

= kot ka

Here, fis the synergy index, kygo is the reaction rate constant for
the UEO process, ko is the reaction rate constant for the
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Fig. 2 (a) Normalized concentration (C/Co) and (b) normalized TOC content (TOC/TOC,) of DCF in aqueous solution (Co: 20 mg L™ as

a function of time.
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ozonation process, and ky is the reaction rate constant for the
sonolysis process. Also, f> 1 indicates that the assisting process
exceeds the sum of the ozonation and sonolysis processes to
achieve a synergistic degradation effect.

Based on the above-mentioned equations, the results of the
degradation kinetics and synergy indices are summarized in
Table 1. The rate constants ky and kygo increased with the
increase in ultrasound frequency. The synergy indices of
different frequencies were between 1.17 and 1.84, and 200 kHz-
UEO had the best synergistic effect (1.84), suggesting a clear
synergistic effect of the UEO process.

3.2 Enhanced UEO mechanism

3.2.1 Evolution of pH. The pH of a solution indicates the
concentration of hydroxyl species, which is a crucial factor
affecting ozone-based AOPs. It has been extensively reported
that the ozonation mechanism follows two paths: (i) attacking
organic compounds selectively and directly at a low pH and (ii)
undergoing decomposition by a chain reaction mechanism that
produces ‘OH at a high pH.>?° Fig. 3 shows the evolution of pH
by different processes in aqueous solutions.

For all the processes, a sharp decrease in pH in the first
30 min indicated the generation of hydrogen ions and elec-
trolysis of carboxylic acid derivatives, which was also reported
by Hartmann for the degradation of diclofenac by sonolysis in
the presence of catalysts.”” The pH later increased because some
of the carboxylic acids were mineralized to CO, and eliminated
from the saturated carbonate solution. The pH for 200 kHz UEO
decreased more sharply and increased to a greater extent in
comparison with that for ozonation, which indicated the
stronger mineralization capacity of 200 kHz UEO. Single ozon-
ation did not lead to a significant increase in pH at the end,
which might indicate that the intermediate derivatives, such as
carboxylic acid, are hardly mineralized by single ozonation due
to lower "OH generation at a low pH.

3.2.2 Evolution of ‘OH concentrations. The generation of
‘OH is extensively used to indicate the oxidation ability of
different AOPs. The generation of ‘OH was evaluated, as shown
in Fig. 4a. For single ozonation, the generation of "OH increased
from 0 to 30.6 umol within the former 30 min and increased
12.7 pmol within the later 90 min. This might be due to the
insufficient amount of hydroxyl species, which is the critical
component to form ‘OH, as suggested by the decrease in pH.*®
When ultrasound was introduced, the generation of "OH
increased from 0 to 70.0 umol within the first 30 minutes and
continued to increase stably throughout the rest of the treat-
ment. The total amount of ‘OH produced by 200 kHz UEO was
3.8 times higher than that produced by single ozonation plus

Table 1 Synergy indices for different processes

Ultrasound frequency

(kHz) ko (min™") ky (min™')  kygo (min~") f

68 0.0135 3.76 x 10°* 0.0163 1.17
100 3.43 x 107* 0.0175 1.26
200 4.46 x 107" 0.0256 1.84
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Fig. 3 Evolution of pH as a function of time.

single sonolysis after 120 min. The above-mentioned results
showed that the pH for UEO decreased more quickly than that
for ozonation, while the "OH production rate was stable at a low
pH. In addition, the higher mass transfer coefficient of ozone in
UEO resulted in the generation of more 'OH radicals. Ultra-
sound makes the gas bubbles of ozone turbulent. This reduces
the liquid film thickness and increases the mass transfer coef-
ficient.?® Furthermore, ultrasound can crush the ozone bubbles
into bubbles with larger specific surface areas.*

From the above-mentioned discussion, we can infer that "OH
might be generated in three ways by UEO, as shown in Fig. 4b.

(I) Ozone decomposition:”**'**" ozone reacts with hydroxyl
groups (pH > 3) in the same manner as that in single ozonation

(eqn (4)(8))-

O; + H,O — 2°0OH + O, (4)

0; + OH™ -0, + HO, (5)

0; + OH -0, + HO, <0, + H* (6)
O; + HO, <20, + 'OH (7)
2HO, -0, + H,0, (8)

1) H,O sonolysis:”*** this way is weaker than the other two
ways (eqn (9)-(12)).

H,0 +))) > 'OH + 'H (9)
"OH + 'H — H,0 (10)
2'0H — H,0, (11)
2'0H — H,0 + O (12)

(III) Ozone sonolysis:”***** this way can generate radicals
constantly (eqn (13)-(15)).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Generation of hydroxyl radicals and evolution of pH and (b) comparison of *OH generation rate in three ways by UEO at different times

and pH.

0; +))) = O, + O (atomic) (13)
O (atomic) + H,O — 2'OH (14)
03 + H20 + ))) - 02 + 2°OH (15)

These results strongly indicate the crucial role of ultrasound,
which can sonolyze H,0 and ozone to increase the generation of
"OH even at a low pH.

3.2.3 Evolution of intermediate products in solution. As
the typical persistent intermediates and ultimate products of
nitroaromatics degradation by AOPs, oxalic acid (OXA) and
oxamic acid (OMA) were selected as the representatives of low-
molecular-weight carboxylic acids and used for the degrada-
tion process analysis.>**** The evolution of OXA and OMA
concentrations is shown in Fig. 5. For single ozonation, the OXA
concentration increased to 5.54 mg L' in 30 min and
decreased by ca. 37% during the remaining time. Additionally,
the concentration of OXM reached 1.45 mg L™ " by the end. As
obtained from previous analysis, low-molecular-weight carbox-
ylic acids are more difficult to degrade by ozone at a low pH than
aromatic compounds. Faria®® also found that OXA and OMA

—a— Ozonation-OXA
=== Ozonation-OMA
==0—200 kHz UEO-OXA
=200 kHz UEO-OMA

3]
T

£
T

N
T

Concentration of OXA and OMA (mg L")
- w
T T

o
T

T

60 100 120

Time (min)

Fig. 5 Evolution of OXA and OXM in solution by ozonation and 200
kHz UEO.

This journal is © The Royal Society of Chemistry 2020

were highly refractory towards ozonation at low pH (pH < 3). The
OXA and OXA concentrations increased in the first 30 min and
then decreased during UEO; then, all of the compounds were
eliminated at the end. This might be explained by the increased
'OH generation by UEO. These results were also in agreement
with the evolution of TOC by ozonation and UEO.

To check the evolution of nitrogen and chlorine, the
normalized balance of nitrogen and chlorine is shown in Fig. 6.
Nitrites were below the detection limit in all of the experiments
(not shown). It was expected that nitrites (if formed) were
readily transformed into nitrates in the strongly oxidizing
environment. From Fig. 6a, we can infer that there is barely any
generation of inorganic nitrogen in the first 5 min; then, the
concentrations of nitrates and ammonium increase over the
following experiment. The faster increase in the concentration
of nitrates indicated the strong oxidizing capacity of UEO.
Hofmann® found that ammonium was formed in stoichio-
metric concentrations and nitric acid and nitrous acid could not
be detected via heterogeneous catalytic oxidation with H,O, to
degrade DCF. The formation of ammonium was assumed to be
a radical substitution process. ‘OH reacted with DCF to form
intermediates, such as phenol derivatives and "NH,. Then, "NH,
reacted with H,O to form ammonium. Aniline derivatives were
the common intermediates of DCF degradation. Then, ammo-
nium and nitrate ions were detected in aniline derivative
degradation by UEO.*® Ammonium and benzoquinone were
assumed to be the products of aniline degradation. As a product
of aniline oxidation, nitrobenzene released nitrate during its
further degradation to benzoquinone. From the above-
mentioned discussion, the evolution of nitrogen in the reac-
tion could be proposed as follows: (1) DCF was degraded to
aniline derivatives; (2) aniline derivatives were degraded to
benzoquinone, and ammonium was released; (3) aniline
derivatives were degraded to nitrobenzene and further degra-
dation released nitrate; (4) aniline derivatives underwent ring-
opening to form nitrogen-containing acids, such as OXA,
which could be further degraded to nitrate by ‘OH.

As shown in Fig. 6b, the concentration of chlorine increases
during the experiment and barely increases after 30 min. Also,
80% of dechlorination by ozonation indicated the formation of

RSC Adv, 2020, 10, 15493-15500 | 15497
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Fig. 6 Evolution of nitrogen (a) and chlorine (b) in solution.

ozone-persistent chloride, which could be degraded by the ‘OH
radicals generated by UEO. Strong dechlorination by "OH and
ozone was also observed by Vogna* who used UV/H,0, and
ozone to oxidize DCF.

3.3 Mineralization energy efficiency and control indicator of
the self-sequential reaction

3.3.1 Mineralization energy efficiency of different treat-
ments. Energy consumption is one of the most significant
reasons for high operating costs in UEO. For process optimi-
zation and promotion of energy efficiency, the O;-UEO self-
sequential reaction was introduced without additional equip-
ment. The self-sequential reaction has two steps: (1) with high
energy efficiency, ozonation was used to degrade the DCF
precursor and initial products; (2) UEO, which is non-selective
and low pH-dependent, was introduced to further degrade the
ozone-resistant intermediates for complete mineralization. The
mineralization energy efficiency (MEE) was used to evaluate the
energy efficiency of the reaction:33%

(TOC, — TOC,)V

MEE =
Ulot + Ulyt

(16)
Here, MEE is the mineralization energy efficiency (mg (kW h) ™)
of the reaction, ¢ is the reaction time (min), TOC, and TOC;, are
solution TOC values at times ¢ = 0 and ¢, respectively (mg L"), V
is the solution volume (L), U is the average voltage (V), and I,

Table 2 The MEE of ozonation, single UEO and sequential UEO
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and Iy are the currents of ozone and ultrasound generator,
respectively (A).

The MEE values of ozonation, single UEO and sequential
UEO are summarized in Table 2. The results showed that
ozonation had the highest MEE (173 mg (kW h)™") without
complete mineralization. Only 200 kHz sequential UEO could
be used for complete mineralization. Three of the sequential
UEOs led to complete mineralization, while 1 h O; followed by
1 h UEO had the best MEE (113 mg (kW h)™"), which was 37%
higher than that of single 200 kHz UEO (82 mg (kW h) ™ *). The
results show that sequential UEO is an effective treatment to
save energy for complete mineralization.

3.3.2 Control indicator of sequential reaction. For better
applying the UEO self-sequential treatment in engineering
applications, the judgment index, which can indicate the time
point of ultrasound irradiation, should be introduced. The
evolution index (EI) was employed to evaluate the evolution rate
of the reaction parameters for selecting the judgment index:

(value,, — value,)

El =
value, (f, — 11)

17)
Here, EI is the evolution index (min ') of the reaction param-
eters, ¢, and ¢, are the reaction times (min), and value,; and
value,, are the reaction parameter values at ¢ and ¢,
respectively.

Complete

Process ATOC (mg L) E (kW h) MEE (mg (kW h)™") mineralization
Ozonation 8.13 0.141 173 No
Single UEO 68 kHz UEO 9.17 0.409 72 No

100 kHz UEO 9.36 0.414 73 No

200 kHz UEO 10.57 0.418 82 Yes
Sequential UEO 0.5 h O3 + 1.5 h UEO 10.57 0.349 91 Yes

0.75 h O3 + 1.25 h UEO 10.57 0.314 101 Yes

1h O; +1 h UEO 10.57 0.279 113 Yes

1.33 h O3 + 0.67 h UEO 9.83 0.234 126 No

1.67 h O3 + 0.33 h UEO 8.98 0.187 144 No

15498 | RSC Adv, 2020, 10, 15493-15500
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Fig. 7 The normalized TOC of self-sequential UEO (a) and the candidate judgment indices (b—i). The red area indicates the introduction time,

which can ensure complete mineralization.

To intuitively compare the time points of ultrasound irra-
diation in different sequential UEOs and the break point of the
candidate judgment indices, all results are shown in Fig. 7.
From Fig. 7a, we can infer that the introduction of ultrasound
before 60 min can lead to complete mineralization, and
60 min is the best time point for ultrasound irradiation. Eight
candidate judgment indices were studied, as shown in Fig. 7b-
i; Elpcr ends before 8 min. Elg-, Elpxa and Eloya barely
change after 30 min. The break points of these four judgment
indices are earlier than the best time point. ElItoc has a later
break point, which cannot lead to complete mineralization.
Elyo,- has no significant break point during the reaction.
Elyp,- changes from positive to negative at the time point ca.
80 min, which cannot lead to complete mineralization. El 4
changes from negative to positive at the time point ca. 58 min,
coinciding with the best time point (60 min) for ultrasound
irradiation. Furthermore, pH can be quickly measured using
automatic monitoring equipment in engineering applications.
Thus, pH is chosen as the best judgment index of the self-
sequential UEO process for indicating the time point of
ultrasound irradiation.

This journal is © The Royal Society of Chemistry 2020

4. Conclusions

In conclusion, ultrasound efficiently enhanced ozonation for
the mineralization of DCF, and 200 kHz UEO was demonstrated
to be the most efficient treatment for the rapid degradation and
complete mineralization of DCF pollutants. UEO generated ‘OH
through ozone decomposition, H,O sonolysis, and ozone
sonolysis. Moreover, these continuously formed "OH radicals
from UEO could react with ozone-resistant compounds such as
OXA and OXM, resulting in complete mineralization. By
reducing the ultrasound irradiation time, self-sequential UEO
was demonstrated to be an energy-efficient solution for the
complete mineralization of DCF. At the base of complete
mineralization, the best sequential UEO (1 h O; + 1 h UEO)
promoted 37% energy efficiency when compared to single UEO.
Finally, based on the analysis of EI, pH was chosen as the
judgment index for judging the time point of ultrasound irra-
diation in self-sequential UEO, which saves the irradiation time
The present investigation
provides more insights into the development of energy-saving
UEO for the mineralization of organic contaminants in waste-
water for practical applications.

during practical applications.
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