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ABSTRACT

Commercial zero-valent iron (Fe’) particle was used as peroxymonosulfate (PMS) activator with
the assistance of ultrasound (US) irritation for humic acid (HA) removal in this study. 100% HA
removal rate was obtained in the Fe’/PMS/US system under the optimal experimental condition.
The higher Fe® dosage, neutral pH and optimal PMS concentration facilitated the HA removal.
The use of US reduced the generation of HA-Fe complex and improved the release of Fe in the
Fe’/PMS/US for HA removal. The reaction process of HA removal was fitted with the first-order
kinetic and the US exhibited obvious synergic effect for HA removal. The non-thermal effect of US
was the main reason for enhancing HA removal. Sulfate radicals (SO;"), hydroxyl radicals (*OH),
Fe(VI) and singlet oxygen ('O,) were produced in the reaction and 'O, was the dominant species
according to the result of scavenging tests and electron paramagnetic resonance tests. This study
indicates the Fe’/PMS/US is an available and effective technology for HA removal.
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1. Introduction

The advanced oxidation processes (AOP) are a prom-
ising method that has been widely used to treat various
organic pollutants with the advantage of low cost, no second
pollution and easy operation [1-4]. The main AOP technol-
ogies include sulfate activation (including peroxymono-
sulfate (PMS) activation and persulfate activation), Fenton
oxidation, photocatalysis oxidation and ozone oxidation
[5-7]. Among these AOP, PMS activation has been paid con-
siderable attention due to the generation of sulfate radical
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(50;°) with high redox potential (2.5-3.1 V) [8-11]. The com-
mon methods for PMS activation include metal ion activa-
tion, heat activation, UV activation and ultrasound (US)
activation [12-15].

Transition metals, such as Fe*, Mn?* and Ni*, were
widely employed as potential electron donators to activate
PMS [16-18]. However, homogeneous PMS activation was
limited by the high metal ion and the harsh pH condition in
the solution [19,20]. In addition, excessive metal ions in the
solution could result in the scavenging of SO,*. Therefore,
the heterogeneous PMS activation, especially iron-based
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activator, has been developed for the degradation of vary-
ing pollutants [21-23]. Zero-valent iron (Fe’) is an excellent
iron-based material that has been employed in the versatile
catalysis fields [24,25]. Fe® as PMS activator for pollutant
degradation also be focused due to the property of lasting
release of iron ion [26-28].

However, the use of Fe® for PMS activator is confined
by a specific target. The presence of humic acid in the water
matrix is usually prone to combine released iron ions to
produce the Fe-HA complex on the surface of Fe’, which
impedes the lasting release of iron ions for PMS activation
[29,30]. Therefore, the study on the removal of humic
acid (HA) in the water matrix has significant importance.
To prevent the generation of the Fe-HA complex and the
removal of HA, the assistant technology could be devel-
oped. In this study, US irradiation was employed as the
supporting technology.

Based on the above discussion, the aim of the present
study was to: (1) analyze the effect of Fe® dosage, pH and
PMS concentration on HA removal; (2) investigate the syn-
detic effect of US on HA removal; (3) compare the change of
Fe® before and after reaction; (4) explore the possible radical
and non-radical for HA removal.

2. Materials and methods
2.1. Materials and instruments

Details of materials and instruments in this study were
provided in the supplementary material.

2.2. Experimental work

Details of experimental work in this study were provided
in the supplementary material.

2.3. Quenching tests for reactive oxygen species

Details of quenching tests for reactive oxygen species in
this study were provided in the supplementary material.

2.4. Thermal effect and non-thermal effect for HA

Details of thermal effect and non-thermal effect for
HA in this study were provided in the supplementary
material.

2.5. Characterization

Morphology analysis of Fe’ using scanning electron
microscopy and transmission electron microscopy is
shown in Fig. 1. Fe’ particles are irregular shape particles
with a size range of 1-60 um. In addition, the surface of
the Fe® particle is tight without obvious pores. Based on
the Brunauer-Deming-Deming-Teller classification, the
N, adsorption/desorption isotherm for the Fe’ (Fig. 2) was
closed to the type II with H3 hysteresis loop, which was
similar to the nonporous structure. The specific surface
area and pore volume of Fe’ were 0.9 m?*/g and 0.0014 cm?/g,
respectively. In addition, the Brunauer-Emmett-Teller
parameter of used Fe’ (Table 1) had no obvious change,

which indicated the sustainable use of Fe’. Zeta potentials
of Fe” were measured from pH =2-12 (Fig. 3) and the pH
of Fe? was obtained at 3.98.

3. Results and discussion
3.1. HA removal under different reaction systems

Fig. 4 compares the HA removal under different PMS
activation systems. The removal rate of HA follow this order:
Fe’/PMS/US (61%) > Fe’/PMS (43%) > PMS/US (19%) > PMS
(15%) > Fe’/US (nearly 0%) = US (nearly 0%) = Fe® (nearly
0%). The use of the only Fe®, only US and Fe’/US had almost
no effect on HA removal. After 90 min reaction, 43% HA
removal was achieved under Fe?/PMS while 61% under Fe’/
PMS/US. The result indicates the availability of Fe?/PMS for
HA removal and the involvement of US obviously enhanced
HA removal.

3.2. Effect of Fe' dosage

The effect of Fe’ dosage on HA removal is shown in
Fig. 5. The removal rate of HA significantly increased with
the Fe’ dosage increased from 0.1 to 0.4 g/L. Most of the
removal of HA occurred in the first 10 min. The increasing
Fe® dosage could result in more Fe ion release in solution,
which further activated PMS to produce reactive oxygen
species (ROS). The pathway of the generation of ROS is
shown in Eqgs. (1)-(5) [31]. However, the excessive dosage
of Fe” maybe quenches the generated radical due to the
side reaction of released iron ions [32]. In the condition
with US, the removal rate of HA was more than without
US. In the Fe%/PMS/US system, a 100% removal rate of HA
was obtained at 0.4 g/L Fe® dosage. This was due to the HA
could be complex with iron ions, which impedes the release
of iron ions into solution. The adsorption of HA on Fe® was
also studied and the HA removal rate was less than 2% in all
conditions (Fe’ dosage from 0.1 to 0.4 g/L, with and without
US), which indicated the adsorption was not the main rea-
son for HA removal. In addition, the US played an import-
ant role in ROS generation by the synergistic effect of US
and Fe’. The iron concentration in leachate during the reac-
tion was analyzed using ICP-OES (Fig. 6). The first 10 min
was the main release process of iron ions. In the condition
without US, the release of iron ion was nearly stagnant after
the first 10 min while the iron ion was slowly released in
the condition of with US. The possible reason was also the
formation of the Fe-HA complex on the surface of Fe’, which
impeded the lasting release of iron ions. The use of US could
reduce the formation of the Fe-HA complex. This specula-
tion was testified in the characterization section of fresh
and used using X-ray photoelectron spectroscopy (XPS).

Fe’ +0, +2H* — Fe?* + H,0, 1)
Fe’ +H,0, — Fe*" + 20H" )
Fe’ + 2Fe* — 3Fe™* @3)
Fe?* +2HSO; — Fe** +2°0H + S0 + SO} (4)
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Fig. 1. (a, b) Scanning electron microscopy image of Fe’ and (¢, d) transmission electron microscopy image of Fe®.
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3.3. Effect of PMS concentration

The effect of PMS concentration on HA removal was
been studied as depicted in Fig. 7. For both conditions with
and without US, optimal PMS concentration for HA removal
was 1 mmol/L and the increased PMS concentration was not
conductive to the HA removal. The possible reason for this
phenomenon was due to the entrapment of free radicals by
excessive PMS [Eq. (6)] [33].

HSO; +S0; —SO; +50% + H ©6)

3.4. Effect of initial pH

The effect of initial pH on HA removal is shown
in Fig. 8. The optimal initial pH for HA removal was
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1 mmol/L. The strong acid and alkaline solution was not
conductive to the HA removal. In the acid solution, the
iron ion was easily released from the surface of Fe?, which
facilitated the formation of the Fe-HA complex on the
surface of Fe’, resulting in poor HA removal. Compared
with the condition of without US, the removal rate was
obviously higher with US, which was ascribed to the
less formation of Fe-HA complex. In the alkaline solu-
tion, for both conditions with and without US, HA was
hardly removed. The possible reason was due that (i) the
released iron ion was consumed due to the formation of
iron hydroxide and (ii) the electrostatic repulsion of Fe®
and PMS in the solution according to the pH_, value (3.98)
of Fe’. The change of pH after the reaction was tested
(Table S1). The acidity/alkalinity in the acidic/alkaline
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Fig. 4. The removal rate of HA under different reaction system.

Experimental parameters: Fe’ 0.1 g/L dosage; PMS: 1 mmol/L;
US 100 W; HA: 10 mg/L; pH: 7.
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Fig. 5. Effect of different dosages of Fe’ on HA removal without and with US. Experimental parameters: Fe’: 0.1-0.4 g/L dosage;

PMS: 1 mmol/L; US 100 W; HA: 10 mg/L; pH: 7.
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Fig. 6. Fe ion concentration in solution during reaction.
Experimental parameters: Fe’: 0.4 g/L dosage; PMS: 1 mmol/L;
US 100 W; HA: 10 mg/L; pH: 7.

solution was slightly reduced, which was imputed to the
consumption of H*/OH™ by released iron ion in solution.

3.5. Kinetic, synergistic effect of US and thermal
effects of US for HA removal

Pseudo-first-order kinetic model was used to fit the
kinetics of HA removal [Eq. (7)]. According to the obtained
k at different systems, the synergy index of US for HA
removal under Fe’/PMS system was determined as Eq. (8):
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where C, is initial HA concentrations; C, is HA concentration
measured at time ¢t and k is the reaction rate constant (min™).

Fig. 9 shows the removal kinetics of HA under a dif-
ferent reaction system. The kinetic fitting was divided into
two steps. The kinetic constant k (shown in Table 2) follow
this order: Fe’/PMS/US > Fe’/PMS > PMS/US > PMS > Fe’/
US = US = Fe’ In the first 10 min (A section), the kinetic
constant k was higher than that in the B section, which
indicated the main reaction occurred in the first 10 min.
The synergy index of US for HA removal was calculated
as 2.03, which indicated synergetic effect from US for HA
removal. Fig. 10 shows the thermal effect and non-thermal
effect of US on HA removal. In the condition without US,
the increased temperature resulted in more HA removal
due to the heat activation of PMS. In the condition with
US, the increased temperature had no obvious effect on
the HA removal, which indicated the non-thermal effect
of US resulting in the main HA removal.

3.6. Fe’ recycling utilization and characterization for HA solution

The recycling utilization of Fe® for HA removal was
tested and the result was shown in Fig. S1. The Fe’ par-
ticle was separated using a magnet (Fig. S2) and for the
fourth cycle experiment. In the condition without US,
the HA removal decreased after each recycling utiliza-
tion. However, in the condition with US, the HA removal
decreased relatively slow after each recycling utilization.
This was due to the weight loss of Fe® particles and the gen-
eration of the Fe-HA complex during the reaction. UV-Vis
and excitation—emission matrix (Figs. S3 and S4) were
used to analyze the HA solution. According to the peak
intensity change and change in the characteristic region,

c the HA content was reduced in the solution. The mineral-
1r{f] =kt (7)  ization degree of HA after reaction and recycling experi-
o ment was testified according to total organic carbon (TOC)
removal rate (Table S2) [34]. TOC removal rate decreased
kUS/F 0 oms with recycling time, and the decreasing trend was more
Synergy Index = kp (8)  obvious without US. The result of the TOC removal rate
us/pms  Fee0 pms was consistent with the HA removal rate in each recycling
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Fig. 7. Effect of different concentrations of PMS on HA removal without and with US. Experimental parameters: Fe’: 0.4 g/L dosage;

PMS: 0.5-4 mmol/L; US 100 W; HA: 10 mg/L; pH: 7.
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Table 1
Brunauer-Emmett-Teller parameters for fresh Fe® and used Fe®

Average pore diameter (nm)

Average particle diameter (nm)

6.43 6,613
6.01 6,479
7.52 6,938

Sample Specific area (m?/g) Volume (cm®/g)
Fe’ 0.90 0.0014
Used Fe® 0.78 0.0033
Used Fe’ with US  0.97 0.0009
m Fe®
® PMS
A US
v Fe®+PMS
& Fe+US
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Fig. 9. Removal kinetics of HA under different reaction system.
Experimental parameters: Fe’: 0.1 g/L dosage; PMS: 1 mmol/L;
US 100 W; HA: 10 mg/L; pH: 7.

utilization. In addition, the TOC removal rate was rela-
tively low, which indicated HA was not fully mineralized.

The fresh and used Fe° particles were characterized
using XPS and X-ray diffraction (XRD) to observe the
change on the surface of the Fe® particle. The XRD pattern of
fresh and used Fe® particle (Fig. 11) had no obvious change,

which was due to the generated oxide and hydroxide on
the surface of the Fe’ particle was too little to be detected.
Chemical characteristics of Fe® particles were tested by XPS
(Fig. 12). In the XPS spectra of Fe 2p, the representative
peaks that appeared at 706.6, 710.3 and 712.2 eV were cor-
responding to Fe’, Fe(Il) and Fe(Ill), respectively [35,36].
The representative peaks of Fe(Il) and Fe(III) were due to
the existence of iron hydroxides and oxides on the surface
of Fe® particles. For fresh and used Fe® particles with US,
the three representative peaks were all detected, which
indicated the surface of Fe’ particles was not completely
covered by oxide. For used Fe® particles without US, only
the representative peaks of Fe(II) and Fe(IlI) were detected,
which indicated the surface of Fe? particles was completely
covered by oxide. The result of XPS spectra of Fe 2p
demonstrated the use of US in reaction could decrease the
generation of iron hydroxides and oxides on the surface
of Fe’ particles. In the XPS spectra of O 1s, the representa-
tive peaks that appeared at 530.0, 531.7 and 532.6 eV were
corresponding to lattice oxygen (O%*), adsorbed oxygen
and C=O group, respectively [37,38]. The lattice oxygen
was assigned to the formation of iron (hydr) oxides. The
existence of adsorbed oxygen type was due to the water
adsorbed on the Fe’ particle. The appearance of the C=O
group was possibly derived from the Fe-HA complex. For
used Fe’ particles without US the three representative
peaks were all detected, which indicated the presence of
Fe-HA complex. For fresh and used Fe’ particles with US,
only the representative peaks of lattice oxygen (O*) and
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Table 2
The kinetic parameter under different reaction system

Only Fe® Only PMS Only US Fe’+ PMS Fe’ + US Fe’ + PMS + US
kA (min™) 2.512E-5 0.0138 1.21E-4 0.01711 2.142E-4 0.0349
k, (min™) 8.502E-6 0.00112 3.089E-5 0.00235 1.048E-4 0.00922
::gg :g+us — Used Fe® with US
By LFJsued Fe® without US
_|—v—40Cc+us —Fe
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Fig. 10. Effect of thermal effect and non-thermal effect on
HA removal. Experimental parameters: Fe’: 0.4 g/L dosage;
PMS: 1 mmol/L; US 100 W; HA: 10 mg/L; pH: 7.

adsorbed oxygen were detected. The result of XPS spec-
tra of O 1s demonstrated the use of US in reaction could
decrease the generation of Fe-HA complex on the surface
of Fe’ particle.

3.7. Radical quenching test and electron
paramagnetic resonance test

The quenching tests were conducted to test the effect of
ROS on HA removal. As literature reported, OH*, SO;-, 'O,
and Fe(IV) were the possible ROS which involves in the HA
removal [35,39-41]. Ethanol was employed as the quenchers
for OH® and SO;~ due to the high reactivity with both of
these species. Tert-butanol was selected as the quenchers
for OH® due to the higher reactivity with OH* than SO;".
Dimethyl sulfoxide and tryptophan were employed as
the special quenchers for 'O, and Fe(IV), respectively. The
result of radical quenching tests (shown in Fig. 13) indicated
that OH*, SO;, 'O, and Fe(IV), all had an effect on the HA
removal in the condition without and with US. The order
of ROS contribution for HA removal was as following:
'0, > Fe(IV) > SO;~ > OH". An electron paramagnetic reso-
nance (ESR) experiment was carried out to further determine
the produced ROS during the reaction. Dimethylpyridine
N-oxide (DMPO) was employed as a radical scavenger for
OH* and SO;~ and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) was employed to scavenge 'O,. In the condition
without US, the signal of DMPO-adduct for OH* and SO;~
was not obvious while it became clear with the use of US.

Fig. 11. XRD pattern of Fe’.

The signals of DMPO-OH*®, DMPO-SO;"~ and DMPOX were
detected with US, which indicated the presence of OH® and
SO;" in the reaction, especially with the use of US. However,
the signal of TEMPO-'O, was obvious in both condition
with and without the use of US. The signal intensity of
TEMPO-'O, was larger with the use of US, which indicated
the presence of 'O, in the reaction. The possible pathway
for the generation of 'O, is as follows [42,43]:

Fe’* +H,0, —» Fe** +HO; + H* )
HO; - O} +H* (10)
HO, +0; —'0, 1)
205 +2H - '0, +H,0, (12)

4. Conclusion

The removal of HA by commercial Fe?/PMS process with
the assistance of US was studied. 100% removal of HA was
achieved within 10 min at the optimal reaction conditions:
0.4 g/L Fe’ dosage, 1 mmol/L PMS, pH at 7 with the assis-
tance of US. The non-thermal effect and synergic effect from
US for HA removal were significant. The use of US enhanced
the reuse efficiency of Fe’. The result of XPS indicated the
reduced formation of Fe-HA complex and the iron (hydr)
oxides with the use of US in the reaction. According to the



(a)

200000 4
150000 |

100000

Counts (s)

50000 -

X. Bao et al. / Desalination and Water Treatment 237 (2021) 108-120

(©)

250000 -
200000 -
150000 -

100000

Counts (s)

50000

T T T T T T T T
0 200 400 600 800 1000 1200 1400

Binding Energy (eV)

N

(e)

34000
32000 4
30000 4
28000
26000 -

24000 -

Counts (s)

220004

20000 +

18000 -

16000 -

14000

T T T T T T
0 200 400 800 800 1000 1200 1400

Binding Energy (eV)

Fe(lll)
7122 eV

Fe(ll)
710.3 eV|

(&) .

70000 +
60000
50000
40000 -

30000

Counts (s)

20000

100004

700 710 720 730 74)

Binding Energy (eV)

Adsorbed O
Lattice O 531.7 eV

530 eV

525 530 535 540 545

Binding Energy (eV)

@ ]

80000

0

~  60000-]

8

€

3

8 o000
20000

(b)

200000 -
150000 o
e
£ 1000004
c
3
Q
o
50000
o

d .

T T T T T T T T
0 200 400 600 800 1000 1200 1400

Binding Energy (eV)

Fe(lll)y
35000 Fe(ll) \712.2 eV
7103 evi 1
30000 |
z \
2 It
g 25000 - | | u
8 Fe ]
20000] 706.6eV /|
o
15000
T T T T T
700 710 720 730 740
Binding Energy (eV)
60000
\ Fe(lll)
Fe(ll) 712.2eV
20000 7103eV |
@ i
£ 40000 - { |
(=3 |
3 I
0 7
o 30000 Fe v
706.1 6 eV /
20000 e
T T T T T
700 710 720 730 740
Binding Energy (eV)
60000
Cc=0
532.6 eV
50000 -
g Lattice O \ /
- 530 eV
& 40000
@ Adsorbed O
% ol 531.7 eV
(&}
20000
10000 o g

Adsorbed O
531.7 eV

525

530 535 540 545

Binding Energy (eV)

525 530 535 540 545

Binding Energy (eV)

115

Fig. 12. XPS analysis of Fe® with (a) survey of original Fe’, (b) survey of used Fe’ without US, (c) survey of used Fe’ with US,
(d) Fe,, of original Fe’, (e) Fe,, of used Fe® without US, (f) Fe,, of used Fe’ with US, (g) O 1s of original Fe’, (h) O 1s of used Fe’
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Fig. 13. Radical quenching tests (a) without US and (b) with US; Electron paramagnetic resonance tests for (c) SO;~, *OH, and (d) 'O,.

result of the ESR and radical quenching test, SO;~, *OH, 'O,
and Fe(IV) all played an important role in the removal of
HA and 'O, was the dominant ROS for HA removal.
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Supplementary information

S1. Materials and methods

S1.1. Materials and instruments
51.1.1. Materials

Zero-price iron was purchased from Beijing Deco Island
Gold Technology Co., Ltd. Humic acid (HA) was obtained
from the International Humic Acid Association. Potassium
peroxymonosulfate (PMS), sulfuric acid, dimethyl sulfox-
ide, sodium hydroxide, ethanol, tert-butanol, dimethylpyr-
idine N-oxide, 2,2,6,6-tetramethylpiperidine-1-oxyl, methyl
phenyl sulfoxide and tryptophan were provided by Sigma-
Aldrich (China). All chemicals used in the experiments
were analytical grade and used without further purification.
Ultrapure water derived from Millipore Water Purification
System was employed throughout the experiments.

S§1.1.2. Instruments

X-ray diffraction (XRD) spectra were recorded by dif-
fractometer (D8 ADVANCE). The surface element states
were analyzed using an X-ray Photoelectron Spectrometer
(ESCALAB XI*). The surface topography and elemen-
tal composition of zero-valent iron (Fe’) were observed
using a scanning electron microscope (JSM-IT300) and
transmission electron microscopy (Tecnai F20). Specific
surface area and zeta potential were analyzed by Brunauer-
Emmett-Teller (MIKE 2020) and zeta potential analyzer
(ZetaPALS), respectively. Electron paramagnetic resonance
(Brook A300) was used to capture the radical produced
in the solution. The concentration of iron leaching was
measured using an inductively coupled plasma mass spec-
trometer (PerkinElmer, America). An X-ray Fluorescence
Spectrometer (PANalytical Axios, Netherlands) was used
to analyze the excitation-emission matrix spectra (EEM) of
the HA solution. The concentration of the solution was ana-
lyzed using a UV-Vis spectrophotometer (UNICOWFUV-2).

Table S1
pH change after reaction

Initial pH pH after reaction pH after reaction
(without US) (with US)

3 3.8 43

5 5.7 6.1

7 72 7.4

9 8.5 8.2

11 10.6 9.9
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Table S2
TOC removal rate under different systems

Recycle experiment ~ TOC removal rate  TOC removal
without US (%) rate with US (%)
(First use) Fe’ 34.6 43.7
(Second use) Fe’ 26.2 40.2
(Third use) Fe® 17.2 35.1
(Fourth use) Fe? 7.8 28.4
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Fig. S1. Cycle utilization of Fe’ (a) without US and (b) with US.

A shaker (SHZ-2A) and an ultrasound machine (KQ 100DE)
with 100 W power were used throughout the experiment.

51.2. Experimental work

100 mL of HA solution, PMS solution and Fe’ were
added was added into 150 mL flasks. 1 M H,SO, and 1 M
NaOH were employed to adjust the pH value of the solu-
tion. In the condition without ultrasound (US), the flask
was set in a shaker with a speed of 200 rpm and a tem-
perature of 25°C. In the condition of without US, the flask
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(@)

Magnetic separation

Magnetic separation

Fig. S2. The photograph of Fe® before reaction (left) and magnetic separation after reaction (right): (a) without US and (b) with US.

was set in an ultrasound tank with 100 W power. At cer-
tain time intervals, 5 mL of the solution in the flask was
collected and filtered with a syringe filter. In the cycling
experiment of Fe’, Fe® was collected using magnetic sep-
aration. The concentration of HA was determined using a
UV spectrometer at 254 nm. The removal rate of humic acid
is calculated according to Eq. (S1):

Removal rate =

Co _Ct
S1
c (81)

0

where C| is the initial HA concentrations; C, is the concentra-
tion of HA at time £.

51.3. Quenching tests for reactive oxygen species

Four quenching agents, including ethanol, tert-butanol,
methyl phenyl sulfoxide and tryptophan, were employed
as a scavenger for the reactive oxygen species. Ethanol

—a— 10 mg/L HA
06+ —e— 10 mg/L HA treated without US
—A— 10 mg/L HA treated with US
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Fig. S3. UV-Vis of 10 mg/L HA solution.
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()

Fig. S4. EEM of 10 mg/L HA solution: (a) untreated HA solution, (b) treated HA solution by Fe’/PMS system and (c) treated HA

solution by Fe%/PMS/US.

was used to scavenge SO;~ and ‘OH. Tert-butanol and
tryptophan were used to scavenger ‘OH and 'O,, respec-
tively. Methyl phenyl sulfoxide was used to quench Fe(IV).
The molar concentration ratios of PMS and quenching
agents were fitted as 1 to 100.

51.4. Thermal effect and non-thermal effect of US

To study the thermal effects form US radiation for HA
removal, the temperature in US tank was set at 40°C (close

to the reaction temperature) and 25°C (using a self-made
circulating water cooling system). As the control experi-
ment, the temperature set at 40°C and 25°C without US

was also carried out.
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