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The electrocatalytic oxidation and ultrasonic-assistant electrocatalytic oxidation were used respectively to the
degradation of salicylic acid. Through the UV spectra it was proved some ultraviolet-absorbent intermediates were
formed during the degradation. The peak absorbance varied with lapse of time, and the relationships were fitted by
NLSF. The results showed that the reductions of relative peak absorbance both met the pseudo first-order reaction
kinetics in two processes. The existence of -OH was assayed by cyt-c (Il) colorimetry and addition of mannitol. The
intermediates formic acid, acetic acid and phenol were detected by GC-MS after degradation for 60 min. A general
reaction pathway that accounted for salicylic acid degradation to CO, and water involving those intermediates was

proposed.
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INTRODUCTION
Salicylic acid (SA), also called orthohydroxy benzoic

acid, is easy to sublimate and volatilize with vapor,
and has the character of phenol and carboxylic acid.!
The water containing high concentration of SA can
seriously affect human’'s health.2 although the
biochemical process is a popular method in treating
organic pollutions,®® SA is biologically refractory,
resulting in huge energy consumption and low
efficiency. 0

Since SA is biologically refractory, the biochemical
processes are not effective in treating SA due to Thus
the non-biochemical processes have been developed.
For example, SA can be thoroughly degraded by
UVIH,0,/0, process.!t Light catalytic oxidation is
widely used at present, especially TiO, which has
good catalytic activity for SA.12 Electrocatalytic
oxidation is a promising method that has been used

to treat many types of organics.13-16 The
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electrocatalytically active electrodes can produce
oxidants such as -OH, Oz, and H,0O,, by which the
organic substances can be degraded.” However, the
practical applications of electrocatalytic oxidation in
treating SA containing water are limited by the low
oxygen evolution potential and high cost.1®
Meanwhile, the improvement of the structures of
electrode and electrolytic reactor are needed for
decreasing the energy consumption.9

Ultrasonic can produce cavitation bubbles with high
temperature and pressure which can facilitate energy
and mass transfer, decomposition of reactants,
formation of radicals, homogenous and heterogenous
reactions.? Single ultrasonic oxidation needs more
energy to treat organic substances but results in
worse efficiency, so current researches focus on the
combination of ultrasonic and other technologies.?-23

Electrochemistry combined with ultrasonic, called
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sono electrochemistry, shows many advantages,
including continuous rinse and activation to the
surface of electrode, elimination of the bubble
accumulation on the surface and great increase of
mass transfer rate.?2%6 Few researches on the
combination of electrocatalytic ~ oxidation and
ultrasonic have been reported.2-28

In this study, ultrasonic-assistant electrocatalytic
oxidation was studied to degrade SA in water and the
pathway of SA degradation was also explored. To our
knowledge, this research has not been reported yet.

1 Experimental

1.1 Chemicals

Salicylic acid, sodium sulfate, sulfuric acid and
sodium hydroxide used in experiments were all
analytical grade.

1.2 Experimental method

1.2.1 Preparation of Ti/SnO,+Sh,03+PtO anode
The meshy titanium was first decreased by 20%

hot NaOH solution, and then immersed in a boiling
oxalic acid aqueous solution (15%, wi/w) for 30
minutes until the oxides were removed. The treated
surface was washed by ultra-pure water and stored in
absolute ethanol for further treatment.

A layer of conducting oxides was deposited on meshy
titanium substrate by thermal treatment. A non-
aqueous solution was prepared by successively
dissolving SnCls-5H,0, SbCl; and H.PtCls in a
mixture of 5.0 ml hydrochloric acid, 20 ml isopropanol
and 275 ml ethanol. This solution was brushed onto
the titanium base and the solvent was subsequently
evaporated at 80 °C for 20 minutes. The pretreated

electrode underwent a thermal decomposition in a
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muffle furnace at 450 °C for 15 minutes in air
atmosphere and then cooled down to room
temperature. This procedure (painting, evaporation
and thermal treatment) was repeated 10 times.
Finally, the electrode was annealed at 600 °C for one
hour for stabilization. The average mass density of
conducting oxides film was about 1.1 mg-cm?
composed of SnO,, Sh>03 (the molar ratio of Sn to Sh
was 6.5 to 1) and PtO in minute quantity. 1.2.2
Experimental equipment

200 ml of SA sample was degraded respectively by
elctrocatalytic  oxidation (ECO) and ultrasonic-
assistant electrocatalytic oxidation (USECO) in the
electrochemical reactor showed in Fig. 1. 2.0 ml of
treated SA were periodically sampled to determine pH
and CODg.

(a1 ()

Fig.1 Experimental equipment for ultrasonic-assistant catalytic
electrolysis

(1: reticulate SnO./Sh>0s/Ti anode; 2: Ti cathode; 3: cooling jacket; 4: pH
meter; 5: thermometer; 6: ultrasonic head)

1.3 Analytical method
1.3.1 pH and COD. determination
The solution pH was measured with a PHS-3C pH-

meter. CODy; was determined on HACH DR/2010
COD analyzer.

1.3.2 UV-Vis analysis

UV-Vis analysis was carried on Lambda Bio 40 UV
spectrograph (PE). 2 ml of sample was withdrawn by

pipette and added into volumetric flask with 10 ml
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capacity. 2 ml of NaOH (102 mol-I1) was also added
into flask. This mixture was diluted to the graduation
and pH was about 10.3. UV-Vis spectrograph
scanned in the range of A=200~400 nm with rate of 6
nm-s where 2 ml of Na,SO; (10.0 g-I1) was treated

as blank.

1.3.3 -OH detection

OH is a substance with high activity, low
concentration and short life. Its life in aqueous
solution is only 10 s so that the direct detection is
extremely difficult. ESR, HPLC, chemiluminescence
and spectrophotometry are widely used in the -OH
detection. The principle of these methods is that -OH
is converted into stable adduct with longer life by -OH
capture agent, which is easier to indirectly detect.

(a) Light red reductive cytochrome ¢ [cyt-c (II)] can be
converted into light yellow oxidative state by -OH. So
-OH content can be determined through the change of
reductive cyt-c (Il) content by colorimetry. This
method is generally used to detect -OH in the
biological system due to easy operation and good
specificity. -OH detection in USECO was made by
cyt-c (Il) colorimetry.

100 ml of sample, which comprised cyt-c (Il) (AR,
M=12384 g-mol, Sigma, 40.4 mol-I1), potassium
dihydrogenphosphate buffer (0.15 mol-It, pH=7.4)
and Na;SO, (10 g-I1), was degraded by ultrasonic,
ECO and USECO for 30 min, respectively. The
current intensity was 5 mA-cm2 and ultrasonic
intensity was 27.1 W-cm2 The system gradually
turned light red into light yellow. Untreated and
treated sample were withdrawn to make UV-Vis

analysis in the range of A=350~600 nm.
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(b) Mannitol is widely used as -OH scavenger in
radiation chemistry and biochemistry, so the
degradation rate of organic substances must be
slower in the presence of mannitol due to the
elimination of -OH. SA was degraded by USECO
under the present of mannitol. The impact of mannitol
with different concentration on the degradation
efficiency was regarded as the assistant detection to
prove the -OH generation during USECO.

1.3.4 GC-MS analysis

200 ml of treated sample was extracted by 50 ml of
absolute ethyl ether within 3 times. The solvent was
removed by reduced pressure distillation and the
extract was concentrated to 0.5 ml. GC-MS analysis
was carried on Finnigan Voyager GC-MS apparatus.
A HP-INNOWax capillary column (30 m x 0.25 mm,
0.25 ym) was used. The temperature program was as
follows: 50 ‘C for 2 min, 15 ‘C-min up to 250 C,
hold for 10 min. Sample volume was 0.5 pl. Helium
was the carrier gas with a 1.0 ml-min- flowrate and a
15: 1 split ratio. The mass detector was operated in
the EI mode, scanning in the range of 35~500 amu
with a rate of 0.5 sec per time. lonization voltage was
70 eV and temperature was 200 C. Voltage and emit
current of enhanced tube were 400 eV and 100 mA.
The detection results were compared with NIST

standard database.
2 Results and discussion

2.1 -OH detection in USECO

2.1.1Cyt-c (Il) colorimetry

As Fig. 2 showed, cytc (Il) had two specific
absorption peaks at A=414 and 550 nm (t=0). The
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absorption curve of sample degraded only by
ultrasonic for 30 min was almost same as that of
original sample. However, during ECO and USECO
after 30 min, the peak at 550 nm disappeared and the
peak at 414 nm removed to 404 nm with obvious
decrease of peak value. It demonstrated that -OH
generated by 20 kHz ultrasonic was low enough to

overlook while it was actually produced during

USECO.
24
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Fig. 2 The UV-Vis adsorption spectra of cytochrome c (Il)

oxidation

(Curve 1: t =0 min; 2: t =30 min, ultrasonic only; 3: t =30 min,

electrocatalytic oxidation; 4: t =30 min, ultrasonic-assistant electrocatalytic

oxidation)

Moreover, the decrease of peak value in USECO was
bigger than that in ECO. These two degradation
methods operated under the same current intensity,
reaction time and electrode, thus -OH yields were
surely same (-OH generated by ultrasonic was
overlooked). So it was presumed that the assistance
of ultrasonic on electrocatalytic system was to
facilitate mass transfer and more cyt-c (I) was
oxidized by -OH accumulated near the surface of
electrode.

2.1.2 Addition of mannitol

The initial concentration of SA was 0.96 mmol-IL. Other

conditions were same as 2.1. The impact of mannitol
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with different concentration was depicted in Fig. 3.
UV-Vis spectra (Fig. 4) of 5.0 mmol-I* mannitol before

(a) and after (b) USECO for 60 min.
15

0D

Vedagh (M)
Fig. 3 The UV adsorption spectra of SA by ultrasonic-
assistant electrocatalytic oxidation in the presence of
mannitol with different concentration.
(Curve 1: before oxidation; after oxidation for 120 min in the presence of
0, curve 2: 1.0, curve 3 and 5.0 ,curve 4: mmol-L-1 mannitol.)

0 I » 4D
Vedaegh (m)

Fig. 4 The UV adsorption spectra of 5.0 mmol-L1 mannitol
before (curve a) and after (curve b) ultrasonic-assistant
electrocatalytic oxidation for 60 min

According to the spectra, the presence of mannitol
restrained the degradation, and the impact enhanced
with the increase of mannitol concentration. So as the
assistant detection, this experiment proved -OH was
actually generated and played an important role in
USECO.

2.2 UV-Vis analysis of SA degradation
2.2.1 UV-Vis spectrograms
Fig. 5 and 6 showed the pure SA (t=0) had two strong
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absorption peaks at A=235 and 298 nm, and the peak
value descended as time lapsed. It proved some
ultraviolet-absorbent intermediates were produced in
both ECO and USECO.
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Fig. 5 UV absorption spectra in electrocatalytic oxidation of SA
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Fig. 6 UV absorption spectra in ultrasonic-assistant
electrocatalytic oxidation of SA

2.2.2 Peak absorbance variation of SA (A=298)
The variations of relative peak absorbance of SA at

A=298 were presented in Fig. 7.As showed in Fig. 7,
decay of relative peak absorbance in USECO met the
pseudo first-order reaction kinetics, while it was more
complicated in ECO. So the reduction curve was

divided into two parts and fitted by NLSF separately.
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The results listed in Tab.1 showed both two parts met

the pseudo first-order reaction kinetics.

1.0
o ECO
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Fig. 7 Variation of peak absorbance during SA degradation
According to Tab.1, SA degradation in ECO was a
process with continuous reduction of degradation rate
which obeyed the pseudo first-order reaction kinetics.
This phenomenon specially related to the mass

transfer of reactants. As the reaction progressed, SA

Table. 1 The pseudo first-order rate constants of peak
absorbance during SA degradation

process kisa (min?)

0.0171+0.0007 (0-15min)
0.0078+0.0002 (15-120min)
USECO 0.0169+0.0013

ECO

concentration near the electrode gradually decreased,
so the diffusion from the bulk solution to the surface
of electrode became the rate-determining step.
Actually, during the initial period (0~15 min),
degradation rates of ECO and USECO were almost
identical. But after that (15~120 min), the rate
constant of USECO was apparently bigger than that
of ECO because ultrasonic facilitated mass transfer.
The COD,; variation of the sample was similar (see
Tab.3).

2.3 GC-MS analysis of intermediates

The intermediates were detected by GC-MS after 60
min in USECO, and the identification and abundance
were listed in Tab. 2. It was speculated that the main
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Tab. 2 Identification and abundance of the intermediates

fragments
Phenol acetic acid formic acid
mass- relative mass- relative mass- relative
to- abundance to- abundance to- abundance
charge (%) charge (%) charge (%)
ratio ratio ratio
(m/z) (m/z) (mfz)
95 4.0 60 70.2 46 100
94 100 46 14 45 322
74 25 45 90.3 44 10.3
67 25 44 2.8
66 450 43 100
65 320 42 10.2
63 8.0 41 3.6
62 4.0
55 10.0
40 12.0
39 28.0
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The COD variations were fitted by NLSF, and the
reductions in two ways both met the pseudo first-
order reaction Kkinetics. The corresponding rate

constants were listed in Tab. 3.

Tab. 3 The pseudo first-order rate constants of COD
reduction during SA degradation processes

process ky,cop  (mint)
ECO 0.0078+0.0002
USECO 0.0125+0.0003

intermediates were formic acid, acetic acid and
phenol.

2.4 Kinetics and mechanisms of SA degradation
2.4.1 Kinetics of SA degradation
The degradation conditons were as follows:

ultrasonic frequency f was 20 kHz and intensity was
27.1 W-cm'l; initial pH of SA solution was 10.0;
concentration of support electrolyte Na;SOs Chazsos
was 10.0 g-I%; current intensity i was 5 mA.cm?
temperature T was 20 ‘C; electrolysis time was 120
min in both ECO and USECO.

The variation curves of COD in ECO and USECO
were showed in Fig. 8.

1
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Fig. 8 COD variation of SA degradation in ECO and USECO
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Compared with degradation of phenol and benzoic
acid, the rate of CODc reductions of SA in both
processes obviously increased. And pseudo first-
order rate constant (ki, cop) of USECO was much
bigger than that of ECO. Due to ultrasonic cavitation
and sonochemical reaction, temperature, pressure
and radical yield of the solution were all improved

which caused the increase of SA degradation rate.

2.4.2 Mechanisms of SA Degradation

The formation of these intermediates indicated that
SA was attacked by -OH and its carboxyl was
substituted by hydroxyl to create phenol which
successively reacted with -OH to generate
dihydroxybenzene and trihydroxybenzene.!* These
intermediates were further oxidized into quinones,
and then the benzene ring was cleaved to form formic
acid and acetic acid, which were finally degraded into
CO; and HO. Furthermore, capture of -OH by SA in
the system of xanthine and 2,6-dihydroxypurine had
been reported in 1981 by Ramsay et al.?® The
generation of dihydroxybenzoic acid in phosphate
buffer at pH=7 proved that SA had the ability of
hydroxylation. In 2001, our team adopted the same
method but at pH=11 to research the capture of -OH
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by SA. Oxidation capability of H,O, was much worse
in strong basic solution than in acid solution, and
decreased with the increase of pH, which meant
hydroxylation was caused by -OH instead of H;O..
The further researches showed that dihydroxybenzoic
acid generated by the reaction of SA and -OH would
be attacked by -OH and degraded into CO,. Based on
above analysis, degradation pathway of SA by -OH
was speculated as Fig.9.
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Fig. 9 Speculated degradation pathway of SA by hydroxyl radical

Conclusion

CODy variations and UV-Vis spectra of salicylic acid
degradation by electrocatalytic oxidation and
ultrasonic-assistant electrocatalytic oxidation were
investigated in this study. The COD,; variations were
fitted by NLSF, and the reductions in two methods
both met the pseudo first-order reaction kinetics. The
corresponding pseudo first-order rate constants were
0.0078 and 0.0125 min.. Due to the assistance of
ultrasonic, the pseudo first-order rate constant (ki,
cop) of USECO was much bigger than that of ECO.
UV peak absorbance at A=298 nm decreased as time
lapsed. The reduction of relative peak absorbance

met the pseudo first-order reaction kinetics. Ultrasonic
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obviously facilitated mass transfer during second half
(15~120 min).

Through the cyt-c (Il) colorimetry and assistant
detection, it was proved that -OH was actually
generated and played an important role in USECO.

At A=298 nm, absorbance increased at first and then
decreased, which meant some ultraviolet-absorbent
intermediates formed in both ECO and USECO. The
intermediates formic acid, acetic acid and phenol
were detected by GC-MS after degradation for 60 min.
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