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An in-depth investigation on the ultrasonic decomposition of Carbamazepine (CBZ), one of the most reg-
ularly identified drugs in the environment, was conducted. The effects of diverse variables were evalu-
ated, such as frequency, power, solution pH, initial CBZ concentration and varied inorganic anions.
Reaction order was determined on the basis of analyzing reaction kinetics of CBZ degradation. The
sonophotolysis and photolysis of CBZ was also examined in this contribution. The influence of water com-
position on the sonolytic and sonophotolytic elimination of CBZ was analyzed. Additionally, 21 interme-
diates were identified during sonolytic degradation of CBZ based on LC/ESI-MS/MS analysis, among which
two escaped from the detection in previous studies. Possible decay pathways were proposed accordingly.
The epoxidation, cleavage of double bond, hydration, hydroxylation, ring contraction and intramolecular
cyclization were believed to be involved in sonochemical degradation of CBZ.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Pharmaceuticals have attracted intensive concerns as emerging
pollutants in aquatic environment in recent years. Owing to
ever-increasing consumption, inappropriate disposal and their
incomplete removal in wastewater treatment plants (WWTPs),
pharmaceuticals have been found ubiquitously in natural waters
[1,2]. Although most pharmaceuticals exist in the aquatic environ-
ment at trace level and show relatively low acute toxicity, it is pos-
sible that there are synergistic effects of pharmaceutical mixtures
[3] and continuous exposure to these compounds leads to negative
impact on ecosystem.

Carbamazepine (CBZ) is a prescription drug which is used to
treat seizure disorders, alleviation of neuralgia, and various psychi-
atric disorders. The annual usage of CBZ ranks the second among
all the antiepileptic drugs in China [4]. CBZ is frequently found in
different waters including surface water (up to 3.09 lg/L) [5,6],
ground water (up to 610 ng/L) [7] and drinking water (up to
30 ng/L) [8] because it can survive in WWTPs and persist for a long
time in aquatic environment. Previous studies reported that the
eradication of CBZ in WWTPs was generally inefficient [9].
Therefore, CBZ has been used as an anthropogenic marker for
water contamination in the environment [10,11]. It was reported
that environmentally-relevant concentrations of CBZ could nega-
tively influence aquatic life such as bacteria, algae, invertebrates,
and fish [12–15] as well as change freshwater community struc-
ture, ecosystem dynamics and coastal systems [16,17].

These facts have drawn extensive interests into the investiga-
tion of CBZ degradation by various advanced oxidation processes
(AOPs) such as Ozonation [18], Fe2+/S2O8

2� [19], UV/H2O2 [20],
photo-Fenton procedure [21], Electrochemical oxidation [22] and
photocatalysis [23,24]. Compared to these more established AOPs,
ultrasonic irradiation offers an alternative method that is simpler
and more environment-friendly because Ultrasound treatment
process is chemical-free, easy to operate and causes no secondary
pollution [25,26]. Both physical and chemical processes can be
triggered by the propagation of Ultrasound through acoustic cavi-
tation, including the configuration, expansion and adiabatically
implosive breakdown of microbubbles in the liquid. The rapid
breakdown of cavitation bubbles is coupled with adiabatic heating
of the vapor phase of the bubble that yields high local transitory
temperatures (estimated to be around 4200 K) and pressures (esti-
mated to be around 975 bar) [27]. Water molecules under these
extreme conditions suffers a thermal breakdown to generate the
exceedingly reactive radicals �H and �OH, and yields HO2

� in the
existence of O2 [28]. Thus, organic compounds in close proximity
to the bubble/water interface can be subjected to thermal
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decomposition, and/or secondary reactions between the reactive
radicals and them, leading to their degradation and even mineral-
ization. Ultrasonic treatment of CBZ has been reported at the fixed
frequency of 520 kHz in a previous study [29].

This contribution has made amore comprehensive investigation
on CBZ degradation by Ultrasound and UV/Ultrasound processes.
The influence of diverse variables has been evaluated including
Ultrasound frequencies, power, pH, CBZ initial concentration and
inorganic anions. CBZ degradation has also been examined by UV,
Ultrasound and UV/Ultrasound processes in pure water and sec-
ondary effluent wastewater. This study also identified the interme-
diates or products generated during CBZ destruction and possible
degradation pathways were proposed accordingly.
2. Materials and methods

2.1. Chemicals

CBZ and Carbamazepine 10,11-epoxide were obtained from
Tokyo Chemical Industry and Fluka, respectively. All other chemi-
cals are of analytic purity and all solvents are of HPLC grade purity.
Sulfuric acid and Sodium hydroxide were used for pH adjustment.
Distilled-Deionized water (DDW) was used exclusively in this
study.

2.2. Ultrasonic, UV and sonophotolytic systems

Sonolytic experiments were conducted in a cylindrical glass
beaker with an effective volume of 500 mL, which was placed on
transducers working at two resonant frequencies (200, 400 kHz).
Each transducer is connected to a high-frequency power supply,
which was made by Shanghai Acoustics Lab, Chinese Academy of
Sciences, China. The nominal input power can be regulated manu-
ally by the control panel. The temperature during ultrasonic pro-
cess was controlled at 20 �C ± 3 by a circulated water bath. Fig. 1
is a schematic of the experiment apparatus. Aliquots (1 mL) of
reaction solution were taken from the reactor at prearranged time
intervals for further analysis. All experiments were carried out in
duplicate and the error is less than 5.0%.

A home-made aluminum photoreaction chamber was used for
the photolytic reactor, in which two lamps are fixed on the ceiling
of the chamber. In addition, a cooling blower was furnished in the
chamber to control temperature. The monochromatic ultraviolet
light wavelength of low-pressure mercury lamps employed in this
study was 253.7 nm since the absorption of H2O2 at k > 300 nm
nearly approaches zero [30]. In order to guarantee a stable UV
Fig. 1. The diagram of the experimental setup.
output, the lamps were warmed up for 5 min before the initiation
of each experiment. The surface irradiance was determined to be
2.74 � 10�7 Einsteins L�1 s�1 by iodide–iodate actinometry [31].
The optical path length is determined to be 10.16 ± 0.04 cm by
quantifying the photolytic rate of H2O2 [32].

The sonophotolytic experiments were conducted by placing the
sonolytic setup inside the photo-chamber as shown in Fig. 1, so
that both the Ultrasound and UV could be employed concurrently.

2.3. Analytic methods

The remaining CBZ after reaction was determined by HPLC,
which was comprised of a Yilite P230 HPLC pump, a Yilite UV
230+ UV/vis detector and a RESTEK C18 column (pinnacle DB,
250 � 4.6 mm, and 5 lm particle size). The maximum adsorption
wavelength (kmax) was selected as 210 nm for CBZ. An isocratic
flow of acetonitrile/DDW (60/40) was used as the mobile phase
running at a flow rate of 1.0 mL/min. The concentration of H2O2

was determined colorimetrically using a UV–vis spectrophotome-
ter at 405 nm after adding Titanium oxysulfate to form titanium
peroxide (TiO2

2+) [33].
The identification of intermediates was carried out with an ini-

tial CBZ concentration at 0.15 mM. The intermediates were identi-
fied by a UPLC/ESI-MS/MS system equipped with Bruker amaZon
SL ion trap mass analyzer and Dionex UltiMate 3000 Ultra-high
Performance Liquid Chromatography (UPLC). The Thermo Hypersil
GOLD column (1.9 lm, 50 � 2.1 mm) was used for UPLC. A gradient
method set at a flow rate of 0.2 mL min�1 was used with the eluent
consisting of A (0.1% formic acid) and B (100% acetonitrile). Com-
ponent A was maintained at 95% during the first 2 min, then B
was steadily increased from 5% to 85% in the next 10 min and B
was maintained at 85% in the next 2 min.

2.4. Toxicity assays

The unicellular green microalgae Chlorella vulgaris (C. vulgaris)
was obtained from the Chinese Research Academy of Environmen-
tal Sciences and used to evaluate the algae toxicity according to the
method previously described by Essam et al. [34] and our previous
study [35]. Different solution samples were added individually to
the algae growth medium (M-11). Following their inoculation with
C. vulgaris in exponential phase, the test tubes were sealed
with gauzes and cultured in artificial climate incubators
(2000 lux, light:dark = 12 h:12 h and 298 ± 1 K). Growth was
monitored periodically up to 96 h by measuring the algae cell con-
centration directly using an optical microscope (Chongqing Optec
Instrument Co. Ltd, China). The inhibition test of C. vulgaris is
calculated as follows:

Iy ¼ YB � YA

YB

where YA and YB represent the average algae cell concentrations of
three parallel C. vulgaris solutions and a blank solution, respectively,
under the same culture conditions. The 96-EC50 values, which rep-
resent the effective concentrations required to provide 50% inhibi-
tion, were determined in 96-well plates.
3. Results and discussion

3.1. Effects of ultrasonic frequency and CBZ degradation mechanism by
ultrasound

Ultrasonic frequency is a crucial parameter which can influence
the performance of sonolysis since it considerably affects the size
and the duration of cavitation bubbles, consequently influencing
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the number of cavitation bubbles, the violence of bubble break-
down, and the production of hydroxyl radical [36]. The number
of cavitation bubbles and bubble collapses increase with the
growth of the frequency. However, the bubbles generated at
high-frequency are small and release less energy than the low-
frequency bubbles do for one single pulse [37]. Therefore, the opti-
mal frequency is determined by the comprehensive performance of
energy discharge which depends on the amount, bubble size and
lifetime of bubbles, and the optimal frequency may differ for differ-
ent compounds [38,39]. CBZ degradation was investigated at two
different ultrasonic frequencies. As shown in Fig. 2a, CBZ ultrasonic
degradation was found to follow pseudo first-order kinetics
(R2 > 0.99). The faster degradation rate of CBZ was observed for
ultrasound at 200 kHz (kobs, 0.028 ± 0.001 min�1) than that at
400 kHz (kobs, 0.0158 ± 0.0008 min�1).
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Fig. 2. (a) Effects of US frequency and radical scavengers. (b) Effects of US frequency
on the generation of H2O2. ([CBZ]0 = 0.025 mM; US: 100 W; reaction volume is
200 mL; no pH adjustment).
It is widely acknowledged that two mechanisms may involve in
the sonolytic degradation of organic compounds: pyrolysis and
hydroxyl radicals oxidation. The degradation mechanisms vary
with the target compounds [40,41]. In order to elucidate the mech-
anisms of CBZ sonolysis, CBZ degradation was examined in the
presence of 1.0 M methanol, an effective quencher for hydroxyl
radicals. As indicated in Fig. 2, the addition of methanol remark-
ably diminished CBZ degradation by ultrasound both at 200 kHz
and 400 kHz, implying hydroxyl radicals play a dominating role
in CBZ sono-degradation. CBZ cannot be pyrolyzed inside the cav-
itational bubbles in view of the fact that its Henry’s law constant
was approximately 1.08 � 10�10 atm �m3/mol [42], indicating
low fugacity. In addition, due to its low water solubility
(112 mg/L) and high Log P (2.45) which is Octanol–water partition
coefficient [42], CBZ may exist at the interface of bubble-bulk solu-
tion. Therefore, hydroxyl radical is the key player responsible for
CBZ degradation by Ultrasound.

Besides the degradation process, the sonolytic treatment also
generated H2O2. The quantity of H2O2 generated by sonolysis was
determined in water with and without CBZ at 200 and 400 kHz.
Due to the consumption of hydroxyl radicals by CBZ, the concentra-
tion of H2O2 generated is lower in CBZ solution than that in DDW at
both 200 and 400 kHz as illustrated in Fig. 2b. The formation rate of
H2O2 (1.31 ± 0.06 lmol L�1 min�1) at 200 kHz is much faster than
that (0.568 ± 0.03 lmol L�1 min�1) at 400 kHz in CBZ-free DDW.
The formation rate of H2O2 (0.932 ± 0.05 lmol L�1 min�1) at
200 kHz is much faster than that (0.329 ± 0.02 lmol L�1 min�1) at
400 kHz in 0.025 mM CBZ solution. These indicate the formation
rate of hydroxyl radicals is faster at 200 kHz than that at 400 kHz
in both DDW and CBZ solution. Furthermore, the calorimetric
power at both 200 and 400 kHz for the 100W settingwasmeasured
and calculated by Eq. (1). The calorimetric power at 400 kHz is
11.4 W for the 100 W setting, which is much lower than that
(46.4 W) at 200 kHz. This may also rationalize slower CBZ degrada-
tion rate at 400 kHz. Therefore, the sonicator with the frequency at
200 kHz was used for CBZ sono-degradation in the following part.
3.2. Effect of the ultrasonic power

The applied power is a critical parameter which can determine
the performance of sonolysis. In this study, the effect of applied
electric power ranging from 20 to 100W was evaluated on CBZ
degradation with CBZ concentration fixed at 0.025 mM and pH
value fixed at 6.0. Additional experiments were conducted to
assess the actual power dissipating in the reaction solution (acous-
tic power) by the calorimetric method based on Eq. (1) [43].

Acoustic power ðWÞ ¼ ðdT=dtÞ � Cp �M ð1Þ

where Cp is the specific heat of water (4200 J/kg�C), and M is the
mass of water (kg). The results are summarized in Table 1. The
actual power absorbed by the reaction solution accounts for more
than 42% of the applied electric power. Fig. 3a describes the effect
of applied electric power on CBZ degradation. The degradation rate
of CBZ crescendo with the increment of the applied power in a lin-
ear relationship as shown in the inset of Fig. 3. It is interesting to
Table 1
Sonochemical efficiencies at different power.

Parameters Unit Electric power (W)

20 40 60 80 100

Water volume mL 200 200 200 200 200
Sonolysis time min 10 10 10 10 10
Acoustic power W 8.8 17.4 25.6 34.1 46.4
Acoustic efficiency % 44.0 43.5 42.7 42.6 46.4



0 10 20 30 40 50 60
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

C
/C

0

Time, min

 20 W  40 W  60 W

80 W 100 W

20 40 60 80 100
0.000

0.005

0.010

0.015

0.020

0.025

0.030

k ,
 m

in
-1

Power, W

Fig. 3. Effects of US power, where the inset describes k VS power. ([CBZ]0 = 0.025mM;
US: 200 kHz; no pH adjustment).

374 Y. Rao et al. / Ultrasonics Sonochemistry 32 (2016) 371–379
note that the linear line fails to pass through the original point (see
the inset of Fig. 3). This may be because ultrasound with low power
could not generate enough radicals to oxidize CBZ. According to the
inset of Fig. 3a, the power threshold can be determined to be 16 W.
The establishment of the linear correlation between kobs and power
renders the prediction of CBZ sono-degradation possible.

3.3. Effect of initial pH levels

The pH value is generally a vital parameter in water and
wastewater treatment. How initial pH levels affect CBZ reduction
was evaluated ranging from 2.0 to 11.0, and the results are pre-
sented in Fig. 4. Varying pH from 4.5 to 11.0 has no significant
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Fig. 4. Effects of pH levels ([CBZ]0 = 0.025 mM; US: 200 kHz-100 W; reaction
volume is 200 mL).
effect on CBZ degradation by Ultrasound. CBZ degradation was
slightly reduced at pH 2.0. Since CBZ is a non-volatile organics,
the place where it was degraded is the interface of cavitation bub-
bles and bulk solution. Consequently, CBZ decay rate would be
accelerated if its hydrophobicity is promoted. CBZ shows a
hydrophobic property when it retains a molecular structure. More-
over, it has a pka1 of 2.3 related to the protonation of the NH2

group and pka2 of 13.9 related to the deprotonation of the amino
group [44]. More than half of CBZ exist in ionized state at pH 2.0,
and this leads to the enhancement of its hydrophilicity and solubil-
ity which in turn hampers CBZ in reaching the exterior of the cav-
itational bubbles. Thus, part of CBZ degradation reaction happens
in the bulk solution where lower concentration of hydroxyl radi-
cals appears. And the emergence of the lower concentration of
hydroxyl radicals is attributed to the approximately 10% of hydro-
xyl radicals generated in the cavitational bubbles diffusing into the
bulk solution [45]. On the other hand, the structure of CBZ is in the
molecular state when pH ranging from 4.5 to 11.0 is not near the
two pKa values of CBZ, which favors CBZ molecules arriving at
the exterior of the bubbles.

3.4. Effect of initial CBZ concentration and the determination of
reaction order

CBZ degradation was investigated at different initial concentra-
tion by sole-US process ranging from 0.00625 to 0.1 mM (see
Fig. 5a). CBZ removal efficiency is inversely proportional to the ini-
tial concentration. However, it is interesting to observe the total
removal of CBZ increased is directly proportional to the initial con-
centration as demonstrated in the inset of Fig. 5a.

As described earlier, the principal mechanism of CBZ degrada-
tion by Ultrasound is the oxidation of hydroxyl radicals at the bub-
ble/bulk interface and in the bulk solution. CBZ degradation
reaction can be described as follows:

xCBZþHO� ! products ð2Þ
Thus, CBZ degradation rate can be written as follows:

�d½CBZ�
dt

¼ xkCBZ;OH½CBZ� x½HO�� ð3Þ

With a constant power input, the generation rate of HO� is supposed
to be constant during sonolysis. And the HO� concentration in the
solution can be assumed to maintain a steady state during the reac-
tion since hydroxyl radicals do not accumulate to an appreciable
level in the solution. Thus, CBZ decay rate can be redefined as
Eq. (4):

�d½CBZ�
dt

¼ xk½CBZ� x ð4Þ

where k = kCBZ, OH[HO�]. At the initial stage, initial decomposition
rate of CBZ can be described as:

�d½CBZ�0
dt

¼ xk½CBZ� x0 ð5Þ

Taking logarithms of both sides of Eq. (5) yields:

Ln �d½CBZ�0
dt

� �
¼ Lnkxþ xLn½CBZ�0 ð6Þ

The x can be determined to be 0.659 ± 0.0318 by plotting

Lnð� d½CBZ�0
dt Þ at different [CBZ]0 as a function of the CBZ initial con-

centration as shown in Fig. 5b. Thus, CBZ degradation reaction can
actually be described as Eq. (7):

CBZþ 1:5HO� ! products ð7Þ
Based on Eq. (7), CBZ degradation is supposed to follow first-order
kinetics since HO� concentration remains constant in the solution,
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and this was confirmed in our study. Furthermore, the intercept
reveals Lnkx to be around �5.03 ± 0.121. Then k can be calculated
to be 0.01023 ± 0.0005. As described earlier, the k equals
kCBZ, HO[HO�] in number. The kCBZ, HO has been reported to be
2.98 � 109 M�1 s�1 [24]. Thus, [HO�] at a steady state can be approx-
imately determined to be (3.43 ± 0.16) � 10�12 M.
0 10 20 30 40 50 60
0.0

0.1

0.2

0.3

Time,min

 10 mM SO
4

2-

 10 mM Cl -

10 mM NO
3

-

Fig. 6. Effects of inorganic anions ([CBZ]0 = 0.025 mM; US: 200 kHz–100 W; reac-
tion volume is 200 mL; no pH adjustment).
3.5. Effect of inorganic anions

The influence of various inorganic anions was also evaluated on
the performance of CBZ sono-degradation. It has reported that
anions such as chloride ions exert different effects on the removal
of different compounds by advanced oxidation processes (AOPs) in
previous studies [46–48]. In our previous studies [19], the presence
of Cl� significantly promoted CBZ degradation by Fe2+/S2O8

2� pro-
cess and the promoting effects increased with the enhancement
of Cl� concentration due to the generation of the additional
radicals such as Cl� and Cl2��. In this process, hydroxyl radicals are
believed to make major contribution to CBZ sono-degradation.
They can also oxidize Cl- to generate Cl� and Cl2�� through a series
of chain reactions as described in Eqs. (8)–(10) [49]:

HO� þ Cl� $ ClOH�� kfor ¼ 4:3� 109 M�1 s�1; krev ¼ 6:1� 109 s�1

ð8Þ

ClOH�� þHþ $ Cl� þH2O kfor ¼ 2:1� 1010 M�1 s�1;

krev ¼ 2:5� 105 M�1 s�1 ð9Þ

Cl� þ Cl� ! Cl��2 ð10Þ
However, different experimental results were observed as illus-
trated in Fig. 6. The Cl� slightly restrained CBZ degradation while
SO4

2� and NO3
� exerted no influence on CBZ decomposition by Ultra-

sound. This can be rationalized by the facts that most hydroxyl rad-
icals exist at the exterior of cavitation bubbles which is not
accessible for Cl�. The slight inhibiting effect of Cl- may be because
chloride ions may consume the trace HO� in the bulk solution to
produce ClOH�� as described in Eq. (8). On the other hand, [H+] is
low at pH 6.8, which is not favorable for the forward direction of
Eq. (9), repressing the generation of Cl� and Cl2��. Sulfate ions and
nitrate ions were reported to negatively influence the performance
of advanced oxidation processes since the high ion strength may
hinder the electron transfer during the oxidation reaction. In this
process, CBZ degradation reaction took place at the exterior of cav-
itation bubbles which is not accessible for SO4

2� and NO3
�. Therefore,

no measurable influence of these two ions was observed on CBZ
sono-degradation.

3.6. CBZ degradation by sole-UV and UV/Ultrasound processes

In this study, we also examine CBZ decomposition under UV
irradiation and simultaneous irradiation by UV and Ultrasound as
indicated in Fig. 7. Initial concentration of CBZ was fixed at
0.025 mM without pH adjustment. The power and frequency of
Ultrasound was fixed at 100W and 200 kHz, respectively. The
surface irradiance of UV was 2.74 � 10�7 Einsteins L�1 s�1.
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CBZ removal was insignificant under sole-UV irradiation (Less than
1% after 60 min). Fig. 7 also shows that the addition of UV irradia-
tion accelerates CBZ degradation (kobs was enhanced from
0.280 ± 0.001 to 0.329 ± 0.002 min�1). It is well known that H2O2

can be generated during sonication through a series of chain
reactions as described in Eqs. (11)–(16):

H2O!US H� þHO� ð11Þ

2HO� ! H2O2 ð12Þ

H� þ O2 ! HO�
2 ð13Þ

HO�
2 þHO�

2 ! H2O2 þ O2 ð14Þ

2HO� ! O� þH2O ð15Þ

O� þH2O ! H2O2 ð16Þ
Under the irradiation of UV light, the photolysis of H2O2 can
produce more HO�. As demonstrated in the inset of Fig. 7, the con-
centration of H2O2 increased with the sonication time in Ultrasound
and UV/Ultrasound systems, and H2O2 concentration in
UV/ Ultrasound system was lower than that in Ultrasound system
due to the photolysis of H2O2.

3.7. Effect of water composition on CBZ degradation

Sonolytic and sonophotolytic degradation of CBZ has also been
investigated in secondary effluent wastewater (SEW) from a
wastewater treatment plant in Xi’an, China. The SEW was passed
through a membrane of 0.45 lm pore size to avoid particle effects.
COD, pH and NO3

� concentration of SEW is 31.4 mg/L, 7.2 and
37.2 mg/L, respectively. As indicated in Fig. 8, sonolytic degrada-
tion of CBZ was depressed in SEW compared to that in DDW while
sonophotolytic degradation rate of CBZ in SEW was slightly higher
than that in DDW. As described above, hydroxyl radicals domi-
nantly contributed to sonolytic decomposition of CBZ. Organic
compounds and reducing agents may compete for hydroxyl radi-
cals with CBZ in SEW, leading to less hydroxyl radicals available
for CBZ. The promoting effects of SEW may be attributed to the
presence of nitrate ions and photo-sensitizers such as humic acid
in sonophotolytic degradation of CBZ. The photolysis of NO3

- gener-
ates hydroxyl radicals and other radicals under the irradiation of
UV light [50]. The presence of nitrate facilitates Ibuprofen degrada-
tion in sole-UV system [51]. CBZ removal efficiency was found to
be around 10% with the addition of 37 mg/L nitrate under UV irra-
diation (data not shown), whereas less than 1% of removal
efficiency was observed in the absence of nitrate.

3.8. Identification of intermediates and possible sonolytic degradation
pathways

During the sonolytic degradation of CBZ, 21 intermediates were
detected by LC–MS/MS including two (compounds 20 and 21)
which escaped from detection in previous studies (see Fig. 9).
Molecular structures were proposed for each intermediate/product
on the basis of the molecular ion masses and MS2 fragmentation
patterns. There are 12 isomers, among which compounds 5, 6, 7
and 8 share the same m/z of 253, compounds 11, 12 and 13 share
the same m/z of 267, the m/z of compounds 15 and 16 is 271 and
compounds 19, 20 and 21 share the same m/z of 287. The identity
of compound 5 was corroborated according to the comparison
between its retention time and that of the authentic compound
(Carbamazepine 10, 11-epoxide). Compounds 6, 7 and 8 were
believed to be 1-OH-CBZ, 2-OH-CBZ and 3-OH-CBZ, respectively
since it is difficult for hydroxyl radicals to attack 4-C of the benzene
ring on the CBZ due to the steric effect. An unknown intermediate
was also detected with the m/z of 474, which might be a dimer of
CBZ.

Possible decay pathways of CBZ are proposed in Fig. 9. Eight pri-
mary intermediates (Compounds 4, 5, 6, 7, 8, 9, 15 and 18) were
generated upon CBZ degradation, which were triggered by the
attack at the olefinic double bond on the central heterocyclic ring
and benzene ring by hydroxyl radicals. The assault of hydroxyl rad-
icals on the olefinic double bond of CBZ could produce an epoxide
(compound 5). Two hydroxyl radicals simultaneously attacking the
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Fig. 9. Possible decay pathways of CBZ by sonication.

Y. Rao et al. / Ultrasonics Sonochemistry 32 (2016) 371–379 377
olefinic double bond in pairs formed a saturated glycol (compound
15). Hydroxyl radicals may attack olefinic double bond, causing the
cleavage of the double bond and the generation of two aldehydes
or ketones, such as compound A (not detected though). Compound
18 is believed to come from the further oxidation of compound A.
In addition, compounds 15 and 18 might not directly originate
from CBZ but from compound 5. To validate this, an additional test
was conducted using compound 5 as a starting probe for sonica-
tion, where both compounds 15 and 18 were detected. Thus, com-
pounds 15 and 18 could be primary or secondary intermediates.
Compound 9 is believed to derive from the hydration of olefinic
double bond of CBZ. Oxidation reaction between hydroxyl radicals
and the olefinic double bond on the central heterocyclic ring may
invite the formation of carbon-centered radical ‘‘intermediate B”,
which was transformed to compound 5 via rearrange reaction.
The attack of hydroxyl radicals on the benzene ring of CBZ gener-
ated compounds 6, 7 and 8. Compound 19 is believed to derive
from compound 15 through the attack at the benzene ring of com-
pound 15 by hydroxyl radicals. The formation of ‘‘intermediate C
(Carbamazepine-9-carboxaldehyde)” can be expected due to the
ring contraction of compound 5 as reported in other studies [52].
The subsequent losses of carboxyaldehyde group and CONH2 lat-
eral chain of ‘‘intermediate C” might yield compound 1 (acridine).
The further hydroxylation of compound 6, 7 or 8 may generate
compound 14. Compound 18 might evolve in four different ways:
(1) Intramolecular cyclization via electrophilic aromatic substitu-
tion to generate compound 11; (2) the ring closure through
intramolecular attack by nitrogen at the aldehyde, leading to the
production of compound 13; (3) intramolecular attack by nitrogen
at the carbonyl and succeeding dehydration giving compound 12;



Table 2
Toxicity assessment by Chlorella vulgaris.

Initial CBZ solution Solution after 30-min sonication Solution after 60-min sonication

Percentage concentration (v/v,%) Inhibition (%) Percentage concentration (v/v,%) Inhibition (%) Percentage concentration (v/v,%) Inhibition (%)

0 0 0 0 0 0
20 42.84 ± 0.23 20 51.45 ± 1.05 20 47.36 ± 0.63
40 59.63 ± 1.89 40 67.79 ± 3.37 40 68.26 ± 2.70
60 71.21 ± 2.86 60 87.93 ± 0.31 60 90.20 ± 0.21
96 h-EC50 = 29.48% 96 h-EC50 = 18.51% 96 h-EC50 = 22.47%
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(4) oxidation resulting in the generation of ‘‘intermediate D” and
the following loss of CONH2 lateral chain of ‘‘intermediate D” to
produce compound 10. Compound 3 comes from the loss of CONH2

lateral chain of compound 11. The further oxidation of compound
11 generates compound 17. Compound 2 (acridone) may arise
from three sources: (1) the loss of carboxyaldehyde group on the
benzene ring of compound 3; (2) the losses of carboxyl and CONH2

lateral chain of compound 17; and (3) the oxidation of compound
1. Compound 16 is believed to come from two sources: (1) the
assault of hydroxyl radicals at the benzene ring of compound 9;
(2) the hydration of compound 6, 7 or 8. Both the further oxidation
of compound 16 and hydration of compound 14 may result in the
formation of compounds 20 and 21.
3.9. TOC analysis and toxicity assessment

TOC analysis reveals around 10% TOC removal was achieved
after 60-min sonication of CBZ with initial concentration of
0.025 mM as shown in Fig. 10, suggesting the mineralization of
CBZ by sonication is possible. Toxicological tests were conducted
on a solution of CBZ before and after sonication, which were based
on the measurement of the inhibition of the growth of C. vulgaris,
as shown in Table 2. The toxicity assessment for a 96 h-EC50 of
CBZ solution before treatment by US is 29.5%. After CBZ was trea-
ted by US for 30 min, the 96 h-EC50 decreased to 18.5%, indicating
an enhancement in the toxicity of the solution. This is due to the
generation of the intermediates such as acridine [53,54], which
are more toxic than CBZ. After 60-min sonication, the 96 h-EC50

increase of CBZ solution was observed, suggesting a decrease in
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Fig. 10. TOC removal during CBZ degradation by sonication. ([CBZ]0 = 0.025 mM;
US: 200 kHz–100 W; no pH adjustment).
the toxicity compared with the solution after 30-min sonication.
This may be due to the decomposition of the intermediates which
are more toxic than CBZ. Although the intermediates with higher
toxicity were generated during sonolytic degradation of CBZ, soni-
cation is believed to a safe process since the mineralization of CBZ
can be achieved.
4. Conclusions

In this contribution, sonolytic and sonophotolytic degradation
of CBZ was examined. CBZ degradation followed pseudo first-
order kinetics and CBZ degradation rate was faster at a frequency
of 200 kHz than that at 400 kHz. The degradation rate is directly
proportional to ultrasound power in a linear relationship. Sonolysis
of CBZ was slightly depressed at pH 2.0 while pH exerted no signif-
icant influence on CBZ degradation at pH levels ranging from 4.5 to
11, indicating that CBZ sonolysis can operate within a wide pH
range. CBZ removal efficiency is inversely related to the initial con-
centration, whereas the total removal of CBZ is directly propor-
tional to the initial concentration. The reaction order of CBZ with
hydroxyl radicals was determined to 2.5 during sonolysis. Chloride
slightly hampered the sonolysis of CBZ while sulfate and nitrate
ions showed no effects on CBZ degradation. The irradiation of UV
was observed to stimulate CBZ degradation by Ultrasound. Sonol-
ysis of CBZ was inhibited in secondary effluent wastewater while
sonophotolytic degradation of CBZ was accelerated in secondary
effluent wastewater. Furthermore, 21 intermediates were identi-
fied and sonolytic degradation pathways of CBZ were proposed.
All these findings may shed some light on the practical application
of sonolysis and sonophotolysis process for CBZ elimination in
aqueous phase.
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