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ABSTRACT

The sonophotolytic degradation of benzotriazole (BTri) in aqueous solution was investigated
in this study by combining ultrasound (20 kHz) and ultraviolet irradiation (λ = 254 nm). The
ultrasound-caused pyrolysis was found to effectively promote the photochemical
degradation of BTri and the corresponding synergetic effects were studied under different
reaction conditions. Lower pH and higher ultrasonic power enhanced the BTri removal.
However, the synergy between UV and US was much stronger at higher pH. The 15 min
BTri removal at pH 3 was about four times of that at pH 9, while the synergy at pH 3 was
nearly one-third of that at pH 9. The BTri removal increased with reaction time but the
synergy decreased. Kinetics studies revealed that the degradation process followed the
pseudo-first-order model.
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1. Introduction

Benzotriazole (BTri) has been commonly used as
an industrial chemical with versatile applications for
technical and commercial production [1–3], which
results in high entry of BTri into freshwater and mar-
ine environments [4,5]. BTri is highly polar and very
mobile in the aquatic environment and it is stable
against biological decomposition [6–9]. BTri with
concentration higher than 100 mg/L can cause acute
toxicity to prokaryotic and eukaryotic organisms [10].
Therefore, efficient treatment technologies for BTri
wastewater are in high demand.

Advanced oxidation processes (AOPs) such as
photochemical oxidation, photocatalysis, ultrasonic

oxidation, ozone, hydrogen peroxide process, etc.,
have shown high efficiencies for destruction of refrac-
tory pollutants in wastewater [11–14]. Particularly, UV
photolysis could be an efficient treatment method for
BTri degradation in wastewater due to its high
photochemical sensitivity [15]. With UV irradiation,
different transient species can be generated: e�ap
(photoionization), radicals generated by bond homoly-
sis or bond heterolysis, etc. [16,17]. The photochemical
degradation pathway of BTri can be summarized in
Fig. 1 [18–20].

After receiving photon energy, BTri is at an excita-
tion state and, therefore N–N bond fission and N–NH
bond scission occur from the S1 (π, π*) state to pro-
duce diazoimine (Step 1 in Fig. 1), which is unstable
at temperatures higher than 110 K. Diazoimine is then
converted to carbene photochemically or thermally*Corresponding author.
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(Step 2). Carbene may undergo a photochemical or
thermal rearrangement to generate ketenimine (Step
3). On the other hand, carbene is capable of abstract-
ing hydrogen to form aniline (Step 4). Moreover,
hydroxyl radical (HO�) might also be generated during
photolysis of BTri through various pathways, which
may induce radical oxidation.

In order to effectively utilize UV light and obtain
higher degradation efficiency, other techniques, such
as H2O2, TiO2 film/electrode, and ultrasound (US),
have been jointly used with UV light [19,21–26]. It is
reported that a synergistic effect of ultrasound and
visible light irradiations existed in degrading organics
[23–25]. A synergy factor of 2.5 based on pseudo-first-
order reaction rate constant (kobs) was reported for
degradation of azo dye reactive black 5 by US/UV/
Fe3+, along with enhanced organic detoxification and
mineralization [26]. However, there are few literatures
on degradation of BTri by combining UV light with
other techniques such as ultrasound.

Ultrasound (US) can produce an oxidative environ-
ment via acoustic cavitation due to the formation and
subsequent collapse of microbubbles, which generates
localized, transient high temperatures (≥5,000 K) and
pressures (≥1,000 atm) [27]. For sonodegradation, two
main reaction mechanisms have been proposed [28].
The first mechanism is pyrolysis in the cavitations of
bubble which is expected to be the major reaction

pathway for the degradation of nonpolar compounds.
The second mechanism is the generation of hydroxyl
radicals in the cavitations of bubble which subse-
quently oxidize the polar organic compounds. The
pyrolysis effect produced by US might accelerate
photochemical degradation of BTri, especially through
reaction Steps of 2 and 3 as described in Fig. 1. There-
fore, we hypothesize that combining UV and US (i.e.
UV–US) could significantly enhance the photochemical
degradation of BTri.

The objective of this study was to identify and
quantify the synergistic effect between US and UV in
BTri degradation. The effects of reaction parameters
on BTri removal by UV–US were also evaluated.
Additionally, the kinetics of BTri degradation by
UV–US was investigated.

2. Experimental

2.1. Chemicals

1H-Benzotriazole (>99.5% purity) was purchased
from Wuxi Haishuo Biology Co., Ltd. Sodium hydrox-
ide (>96% purity) was obtained from Hangzhou
Xiaoshan Chemical Reagent factory. Sodium hydrox-
ide solution was used to dissolve benzotriazole.
Acetonitrile (HPLC grade) was obtained from Fisher
Chemical Company. The solution pH was adjusted

Fig. 1. Photochemical degradation pathway of Benzotriazole.
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with sodium hydroxide or hydrochloric acid solution.
All aqueous solutions were prepared using deionized
water.

2.2. Apparatus

A bath system for ultrasonic experiments was
adopted [29]. The ultrasonic device was an ultrasonic
cleaning machine QH-250 (Heat Systems-W cm-ultra-
sonics, 20 kHz). The sonophotochemical degradation
of BTri was performed in a single double-surrounded
cylindrical photoreactor (D = 90 mm, H = 150 mm) as
shown in Fig. 2. The volume of the reaction solution
was 200 ml. An 18-W UVC lamp with a major
emission wavelength of 253.7 nm was used as the
light source for the degradation experiments. The reac-
tion temperature inside the reaction vessel was con-
trolled at 25 ± 1˚C via a thermostate bath and water
circulation system.

2.3. Analytical methods

BTri in aqueous solutions was subjected to UV
irradiation with and without ultrasonic irradiation.
Absorbance measurements were performed using a
UV–vis spectrophotometer (Meipuda UV-3200,
Shanghai, China). The concentration of BTri was deter-
mined using a high-performance liquid chromatogra-
phy (HPLC 1200, Agilent) equipped with a Hiqsil C18
ODS column (4.6 mm × 150 mm) and a UV detector
(G1314B). The mobile phase was 30% acetonitrile
and 70% water with a flow rate of 0.8 ml min−1. The

wavelength of the UV detector was set at 259 nm. All
pH measurements were made using a digital pH
meter (PHSJ-4A).

3. Results and discussion

3.1. Sonophotochemical degradation of BTri

Sonophotochemical degradation of BTri was car-
ried out in the cylindrical jacketed glass cell as
described above. The BTri showed maximum absor-
bance at 259 nm in aqueous medium and the change
of maximum adsorbance at 268 nm was monitored on
the reaction progress (Fig. 3). After 30 min of sonopho-
tolysis, most BTri were decomposed with a rapid
decrease in absorbance peak. As revealed in Fig. 4,
BTri was largely decomposed into four to five prod-
ucts. It was reported that BTri could be decomposed
into phenazine, aniline, and 2,6-diethylaniline by UV
irradiation [30,31].

The peak area of BTri on high-performance liquid
chromatography was monitored to study the degrada-
tion progress. The BTri removal for each treatment is
given by Eq. (1):

BTri removal ð%Þ ¼ ðC0 � CÞ=C0 � 100% (1)

where C0 and C are initial BTri concentration and BTri
concentration at time t (min), respectively.

As shown in Fig. 5, BTri was completely destroyed
after a reaction time of 120 min by UV–US, while BTri
degradation by UV irradiation was 88.11% and BTri
degradation by US was negligible. Therefore, photoly-
sis is the major reaction pathway for degradation of
BTri, while pyrolysis and radical oxidation caused by
US cannot effectively degrade BTri. As a result, Step 1
in the BTri photochemical degradation pathway
(Fig. 1) is very critical for its decomposition. Step 1
was accomplished after BTri receiving protons from
UV light and the next steps (i.e. Steps 2 and 3) could
go thermally. Since pyrolysis caused by US can speed
up these steps, combining US with UV induced more
rapid and complete BTri degradation.

3.2. Effect of pH

Solution pH is one of the most important
parameters affecting BTri removal as pH affects the
form of BTri in aqueous phase. The BTri dissociation
equilibrium is given in Eq. (2):

BTri�BTri� þHþ pKa ¼ 8:2� 8:8
� �

(2)

Fig. 2. Diagram of photosonochemical reactor.
Notes: (1) ultrasonic device, (2) photoreactor, (3) UV light,
(4) quartz sleeve, and (5) BTri solution.
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The effect of pH ranging from 3 to 9 on the degrada-
tion of BTri by UV–US is presented in Fig. 6(a). The
results indicate that degradation of BTri is pH depen-
dent and a lower pH is beneficial for the degradation
reaction. The BTri removal reached 98.59% at pH 3
and smoothly decreased to 94.63% with the increase
in pH from 3 to 7. When the solution pH further
increased from 7 to 9, BTri removal significantly
decreased to 74.74%. These results are in accordance
with the previous findings that BTri was effectively
removed from wastewater at pH < 7 by UV treatment
[29]. Since the pKa of BTri is 8.2–8.8 [1,15], BTri exists
mainly as dissociated form at pH higher than pKa. It
was reported that the non-dissociated form of BTri

was much more photoreactive than the dissociated
one [15]. Indeed, the degradation of BTri by UV in
our study was much more efficient at pH lower than
7 where BTri was present as the non-dissociated
form (Fig. 6(b)). Therefore, lower pH was beneficial
for UV absorption, which is the first and the limiting
step for BTri degradation by UV–US. As a result,
lower pH promoted the BTri degradation by UV–US.
We note that the degradation of BTri by US was
negligible at pHs ranging from 3 to 9. Since
BTri removal by UV–US is much higher than that by
UV, there exists a synergetic effect between UV and
US for BTri degradation, which will be further
discussed.

Fig. 3. Change of the UV–vis spectra during BTri sonophotolysis (Reaction conditions: [BTri] = 23 mg/L, US: 20 kHz,
UV:18 W, pH 3.0).

Fig. 4. HPLC chromatograms depicting eluted peaks at dif-
ferent photosonochemical reaction times ([BTri] = 23 mg/L,
US: 20 kHz, UV: 18 W, pH 3.0).

Fig. 5. Degradation of BTri with time by UV, US, and
UV–US ([BTri] = 23 mg/L, US: 20 kHz, US power :250 W,
UV:18 W, pH 3.0).
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3.3. Effect of ultrasonic power

Fig. 7 shows the change of BTri removal with the
variation of US power at pH 3. The BTri removal at
120 min was only 83.37% when the ultrasonic power
was 50 W, which is comparable to that without using
any ultrasonic power. An increase in ultrasonic power
from 50 to 100 W dramatically increased the BTri
removal to 96.93%. Further increasing the ultrasonic
power to 250 W only mildly enhanced the BTri
removal to 98.59%. Therefore, BTri degradation is
dependent on the acoustic intensity and the higher the
ultrasonic power, the better the BTri removal. With
the increase in ultrasound power, the pyrolysis caused
by ultrasound is strengthened, which can promote
Steps 2 and 3 of the BTri photochemical degradation.
This promotion was most effective at US power
ranging from 50 to 100 W but decreased after 100 W,
which indicates pyrolysis caused by US is not linear

but rather flat out at high US power. Ultrasound may
also enhance mass transfer in the liquid phase [32],
which can enhance the BTri removal. In addition,
increasing US power produces more highly reactive
primary radicals such as HO� and H� [31], which can
contribute to BTri degradation. However, this con-
tribution should be limited since US itself cannot
effectively degrade BTri.

3.4. Synergy of US and UV

Fig. 8 shows the synergy (S) of sonophotolytic
degradation of BTri at different pH. The synergism
between the photolysis and sonolysis was determined
using BTri removal. The synergy (S) is defined as

S ¼ ½RUS�UV � ðRUS þ RUVÞ�=ðRUS þ RUVÞ � 100% (3)

where RUS and RUV are BTri removal by US and UV,
respectively, RUS–UV is BTri removal by the combina-
tion of UV and US (i.e. UV–US).

If S is greater than 0, there exist synergistic effects
between UV and US. As shown in Fig. 8, synergistic
effects are present at any pH throughout the whole
reaction process. The synergy S is closely related to
pH and reaction time, and increased with increasing
pH and decreased with reaction time. For example, at
t = 15 min, the S at pH 3, 7, and 9 was 84.7, 185.2, and
264.4%, respectively.

Although a higher BTri removal by UV–US was
obtained at lower pH, the synergy between UV and
US was much stronger at higher pH. The 15-min BTri

Fig. 6. Effect of pH on BTri degradation by UV–US and
UV ([BTri] = 23 mg/L, US: 20 kHz, US power: 250 W, UV:
18 W).

Fig. 7. The influence of ultrasonic power on the degrada-
tion of BTri by UV–US ([BTri] = 23 mg/L, US: 20 kHz, UV:
18 W, pH 3.0).
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removal at pH 3 was about four times of that at pH 9,
while the synergy at pH 3 was only one-third of that
at pH 9.

When pH was lower than 5, the synergy was kept
almost constant and was hardly influenced by pH. As
previously reported [15], the absorbance of BTri solu-
tion at 254 nm was constant at pH lower than 5 and
the BTri was predominantly present as non-dissoci-
ated form. The higher synergy of UV–US at pH > 5
indicates that US is more effective in promoting the
degradation of dissociated form of BTri. This may be
explained by the fact that the dissociated form of BTri
is less photoreactive than the non-dissociated form.
Since Steps 2 and 3 of the photodegradation of BTri
can be either promoted by UV or heat, the pyrolysis
provided by US becomes more important at higher
pH where the dissociated BTri is less photoreactive.
Actually, because the decrease in RUV with the
increase in pH from 5 to 9 is much more dramatic
than the decrease in RUV–US as shown in Fig. 6(b) and
RUS is almost negligible, the S significantly increases
with this pH increase based on Eq. (3). In addition,
the synergy S decreases with time at any pH. This can
be explained by the fact that the increase in RUV–US

with time is slower than the increase in RUV at later
stage (Fig. 6), which results in the decrease in S based
on Eq. (3).

Ma et al. [23] investigated the decomposition of an
azo dye in aqueous solution by combining ultrasound
and visible light and a synergistic effect was observed.
The degradation of benomyl by the sonophotocatalytic
system was greatly higher than that by the photocat-
alytic system [24]. The sonophotodegradation of
2,4,6-trichlorophenol (TCP) in a homogeneous aqueous
system was also investigated and the synergy between
US and UV was only as high as 12.22% [25], which is
far lower than that observed in our study. Therefore,
for the degradation of different organics by UV–US,
the synergistic effect between UV and US commonly
exists but the degree varies.

Fig. 8. Synergy of BTri degradation by UV–US as a
function of reaction time and pH ([BTri] = 23 mg/L, US:
20 kHz, US power: 250 W, UV: 18 W).

Fig. 9. First-order kinetic plots of BTri degradation by
UV–US at different ([BTri] = 23 mg/L, US: 20 kHz, US
power: 250 W, UV: 18 W).

Table 1
Rate constants for the degradation of BTri by UV–US

The pattern of radiation pH value kobs (min−1) r2 t1/2 (min)

US/UV 3 3.61 × 10−2 0.992 19.17
US/UV 5 2.97 × 10−2 0.996 23.31
US/UV 7 2.44 × 10−2 0.999 28.44
US/UV 9 1.15 × 10−2 0.992 60.44
UV 3 1.79 × 10−2 0.999 38.62
UV 5 1.64 × 10−2 0.994 42.29
UV 7 0.69 × 10−2 0.994 99.59
UV 9 0.36 × 10−2 0.980 192.56
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3.5. Kinetics study

The degradation of BTri by UV–US and UV can be
well fitted by pseudo-first-order reaction kinetics. The
related kinetic model is shown as Eq. (4):

lnC=C0 ¼ �kt (4)

where C0 and C are initial BTri concentration and BTri
concentration at time t (min), respectively, t is sonopho-
tolysis time (min), and k is the rate constant (min−1).
The linear relationship between the ln C/C0 and reac-
tion time at different pH is shown in Fig. 9 and the
related regression coefficients are listed in Table 1.

The calculated kobs at pH 3 for BTri degradation by
UV–US is three times as much as that at pH 9. There-
fore, BTri reduction was enormously affected by pH.
Moreover, the kobs of 3.61 × 10−2 min−1 by UV–US is
twice as much as that of 1.79 × 10−2 min−1 by UV (kobs
from US is almost 0), which indicated the obvious
synergetic effect between UV and US.

4. Conclusion

In this paper, we studied the synergetic degrada-
tion of benzotriazole by ultraviolet and ultrasound
irradiation. There was an obvious synergistic effect
between UV and US on the degradation of benzotria-
zole. The synergy of UV and US strongly depended
on the pH and reaction time. Higher BTri removal by
UV–US could be obtained at lower pH, while the syn-
ergy of UV and US was much stronger at higher pH.
With reaction time going, BTri removal increased but
the synergy decreased. Moreover, the BTri degrada-
tion was also affected by ultrasonic power, and higher
ultrasonic power could greatly increase BTri removal.
The BTri degradation process was well fitted by
pseudo-first-order model. The synergetic effect
appears to relate to photochemical degradation of BTri
degradation. US could accelerate the decomposition of
intermediates from photochemical processes via
pyrolysis. Further experiments should be performed
to further explore the BTri degradation mechanism.
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