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The antibiotics tetracycline (TC) was degraded by ultrasound (US) enhanced catalytic ozonation using
goethite catalyst (US/goethite/O3) in a rectangular air-lift reactor. The effect of important operational
parameters, including gaseous ozone concentration, gas flow rate, free radical scavenger, pH, and power
density, on the removal of TC was investigated. The results showed that the TC removal followed pseudo-
first-order kinetics and the removal rate increased with increasing gaseous ozone concentration, pH, gas
flow rate and power density. The presence of free radical scavenger inhibited the removal rate to some
extent. The catalyst stability was evaluated by measuring TC removal rate and iron leaching for three
successive cycles. Almost no changes in the particle size and the surface area of the catalyst were observed
before and after the reaction. The main intermediates were identified and the degradation pathway of
TC was proposed. Toxicity test with Daphnia magna showed that the acute toxicity increased during the
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first stage of the reaction, and then gradually decreased with the progress of the oxidation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The ozonation process has been received increasing attention in
treating pharmaceutical wastewaters due to its capability of oxi-
dizing complex organic compounds into simpler and more easily
biodegraded compounds [1,2]. However, its wide application was
limited by low utilization and limit oxidizing power of ozone [3,4].
As a consequence, ozone was usually combined with other technol-
ogy to enhance its oxidation power and to improve its utilization,
including UV/03 [5,6], H202/03 [7,8], UV/H202/03 [9]Y US/O3 [4,10]
and catalytic ozonation [1,11-14].

Among the stated ozone-oxidation technologies, catalytic
ozonation is considered as an effective technology to improve
the degradation of the recalcitrant pollutants due to its capabil-
ity of enhancing ozone decomposition [13-15]. Generally, catalytic
ozonation includes homogeneous and heterogeneous catalytic
ozonation. The heterogeneous catalytic ozonation has the low neg-
ative effect on water quality and the catalyst is easy to be separated
from the reaction system [16,17]. However, catalyst deactivation
in heterogeneous catalytic ozonation is a major problem due to the
build-up of organic byproducts on the catalyst surface [18].

Recently, ultrasound has been used to combine with the het-
erogeneous advance oxidation processes (AOPs) [19,20]. When
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ultrasound is introduced into the reaction system, the transient
cavitation can result in turbulent flow conditions within the reac-
tor. This would accelerate overall mass transport of reactants and
byproducts between the liquid phase and the catalyst surface
[21,22]. In the meantime, the cavitational bubble collapse directly
on the catalyst surface may cause direct damage by shock waves
produced upon implosion, while cavitational collapse near the cat-
alyst surface in the aqueous phase will cause microjets to hit the
surface and produce a nonsymmetrical shock wave. This leads to
continuous cleaning of the catalyst surface [22]. Therefore, ultra-
sound enhanced various heterogeneous AOPs including catalytic
ozonation have been applied successfully in the degradation of a
wide variety of pollutants [23,24].

As a well-known class of antibiotics, tetracycline hydrochlo-
ride (TC) was used globally to resist against infectious diseases for
human and veterinary treatment [25]. Moreover, its large global
consumption could result in the increasing presence of TC in the
environment, which might threaten public health due to their
propensity to select for resistant bacteria and facilitate the estab-
lishment and amplification of pathogenic reservoirs [26]. Especially
in mainland China and Hong Kong, the enormous quantities of TCs
were produced, imported, used and detected [26,27]. Therefore,
TC was selected as a target refractory organic pollutant and was
degraded by the combination of ultrasonicirradiation with catalytic
ozonation in this study.

Compared with the conventional gas-liquid-solid reactors, the
airlift reactor has the advantages of simple construction, feasible
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Table 1
Chemical structure and relevant data for tetracycline hydrochloride.

Name Tetracycline hydrochloride
Formula Cy2Ha5N,05Cl
HSC\\ CH:3
N
CHy E
HO, § =
' : OH
8
structure
-HCI
9
CONHz
Formula weight (gmol~!) 480.5
Absorption (Amax, NM) 359

scale-up, efficient mixing with low shear stress and energy con-
sumption, as well as high gas-liquid mass transfer rate [9,28].
Particularly, the rectangular airlift reactor shows the better per-
formance ratio than other kinds of airlift reactors [29,30]. In our
previous study, a rectangular airlift reactor has been successfully
employed for the decolorization of azo dye by ozonation in combi-
nation of ultrasonic irradiation [4]. Therefore, TC degradation was
performed in a rectangular airlift reactor and the effect of operating
conditions on TC removal by ultrasound enhanced catalytic ozona-
tion using goethite catalyst (US/goethite/O3) was investigated. The
main intermediates were determined and the TC degradation path-
way was proposed. The mineralization of TC and the toxicity test
with Daphnia magna were also explored in this study.

2. Experimental
2.1. Materials

Goethite was obtained from Sigma-Aldrich and used as
received. Tetracycline hydrochloride (AR Grade, 99%) was obtained
from the market and used without further purification. The
structure and relevant data for TC were shown in Table 1. Ace-
tonitrile and methanol (HPLC Grade) were obtained from Shanghai
Sinopharm Chemical Reagent Co. Ltd. (China). Both of oxalic acid
and potassium iodide (AR grade) were obtained from Shanghai
Zhangyun Chemical Co. Ltd. (China). Hydrogen peroxide (AR Grade,
30%, v/v) was obtained from Shanghai Yuanda Peroxide Co. Ltd.
(China). tert-Butyl alcohol was obtained from Chengdu Institute of
the Joint Chemical Reagent (China) and used as received.

2.2. Procedure

A stock solution of TC was prepared fresh in buffer solution com-
posed of 0.05 mmol L-1 Na,HPO,4 and KH,PO,4 before each run and
the initial concentration ([TC]p) was set at 100 mg L. The solution
pH was measured with a Mettler Toledo FE20 pH-meter.

Semi-batch experiments were performed in a rectangular air-
lift reactor made of plexy glass (Fig. 1), which is similar to our
previous study [4]. This reactor consists of a square column
(50 mm x 50 mm) with the height of 120 mm, divided into a riser
and a downcomer section by a plexy glass baffle (width: 50 mm;
thickness: 4 mm; total height: 50 mm). The riser-to-downcomer
cross-sectional area ratio is 1.3. The baffle was located at a distance
of 12 mm from the bottom of the reactor. The gas distributor at the
bottom of the riser was a perforated tube with six orifices of 1 mm
diameter. Ozone was generated by electric discharge using 99.9%
oxygen in a laboratory ozone generator (XFZ-5BI, China). Ozone
concentrations in the gas and liquid phase were monitored by

the iodometric method with potassium iodide solution and indigo
method, respectively [31,32]. Then, a predetermined amount of
goethite was added into the reactor containing 200 mL TC solu-
tion. A magnetic stirrer (Model 78-1, Hangzhou Instrument Motors
Factory, China) provided complete mixing of the solution in the
reactor.

Sonication was performed with a KS-250 ultrasonic generator
(250W, 20kHz, Ninbo Kesheng Instrument Co., China) equipped
with a titanium probe transducer. The tip of the probe was 1cm
in diameter and was placed 1.5 cm into the liquid layer. The son-
ication was administered in a pulse mode of 2.5s on and 2.1 s off.
The acoustic power (P) was determined calorimetrically [33]. At
pre-selected time intervals, samples were taken by a syringe and
filtered through 0.45 wm membranes before the TC concentration
was measured.

2.3. Analysis methods

The TC concentration was measured using high-performance
liquid chromatography (HPLC). HPLC is consisted of a LC-20AB
pump, a Shimadzu HPLC system manager program and a SPD-10A
UV-Vis detector. The maximum absorption wavelength was deter-
mined at 359 nm using a Shimadzu UV-1700 spectrophotometer
to scan from 200 to 800 nm [34]. Aliquots of 20 wL were injected
using an auto-sampler (SIL-20A Shimadzu). A shim-pack VP-ODS
C18 (4.6 mm x 250 mm) packed with 5 wm spherical particles was
used for separation. An acetonitrile/0.01 molL-! aqueous oxalic

ultrasonic transducer

from ozone generator

120mm

50mm

magneton L

50mm

Fig. 1. Schematic view of the experimental setup.
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acid (31:69, v/v) mixture of was used as mobile phase at room
temperature with a constant flow rate of 1.0 mLmin~!.

Total organic carbon (TOC) was analyzed in a TOC analyzer
(Multi N/C®2100, Analytik Jena AG) to evaluate the mineralization
of TC. The acute toxicities were determined with D. magna immo-
bilization essays. These tests were performed in accordance with
testing conditions prescribed by OECD Guideline 202 [35]. D. magna
was cultured in laboratory for more than three generations. The
acute toxicity experiments were carried out in 50-mL-capacity test
beakers using 25 24-h-old D. magna, which were divided to five
groups. Four groups were performed as the test groups while one
group as the blank one. They were set in the incubator along with
testing samples. The incubator was set at 20°C in a 16 h light-8 h
dark cycle. No foods were given during the acute toxic test. Surviv-
ing and mobile D. magna was counted after 24 h.

In the case of the experiments on the catalyst stability and
reusability, the catalyst was removed from the solution at the end
of the experiments and washed gently with deionized water. Then,
it was dried for 1 h in oven and the temperature was set at 100°C.
Iron leaching was evaluated by phenanthroline spectrophotome-
try [36]. The surface area of the catalyst was measured by nitrogen
adsorption using an accelerated surface area (Micrometrics Gem-
ini V2380, America). Particle size distribution of solid catalysts was
measured ina MASTER-SIZER 3500 apparatus (Microtrac, America).
This equipment determines the size distribution of particles dis-
persed in a liquid in the range 0.02-2800 wm using the Mie theory
for measuring the light scattering behavior.

The intermediates during the reaction were detected by an Agi-
lent 1100 instrument connected with an electrospray ionization
(ESI) source operating in the positive ion mode. Depending on
intermediates, gradient elution was used by varying the eluent
ratio. The initial mobile phase composition was 5/95 (acetoni-
trile/0.01 molL-! aqueous oxalic acid), then this composition
linearly changed to 35/65 in 10 min and the composition remained
constant for 10 min, injection volume of 20 L, and the UV detec-
tor set up at 359 nm. ESI source conditions were as follows: heated
capillary temperature 200°C; sheath gas (N,) flow rate 20 units;
spray voltage 4.5 kV; capillary voltage 25 V; tube lens offset voltage
25V. The isolation width used in the MS" experiments was 1 m/z
unit. Total compounds mass spectra were scaned from 50 m/z to
800m/z.

3. Results and discussion
3.1. Comparative performance for the different oxidation systems

To investigate the TC degradation in the different oxidation
systems, experiments were performed with ozonation, catalytic
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Fig. 2. Comparative performance for the different oxidation conditions on
the TC removal ([TC]=100mgL~!, [O5]¢=13.8mgL~!, Q=30Lh~!, P=85.7WL"!,
[goethite]=0.5g L1, pH=3).

ozonation, US/O3 process, and US/goethite/O3 process, respectively
when the pH was fixed at 3, the gas flow rate was 30Lh~! and the
gas ozone concentration was 13.8 mgL-!. Ultrasonic power was
85.7WL-1 for the US/O3 system and the US/goethite/O3 system,
while the addition of goethite was 0.5 g L~! for the catalytic ozona-
tion system and the US/goethite/O3 system.

As shown in Fig. 2, the removal of TC by all the above processes
follows apparent pseudo-first-order kinetics according to the fol-
lowing rate equation:

d[TC]
—ar - K[TC] (1)
where [TC] is the TC concentration at time t and k is the pseudo-
first-order degradation rate constant. The k values were obtained
and summarized in Table 2. The high R? values indicated that the
apparent pseudo-first-order kinetics fitted the experimental data
well.

Table 2 illustrates that only 0.096 min~! rate constant was
achieved by ozonation while the rate constant increased to
0.115 min~! when ozonation was combined with ultrasonic irradi-
ation. In the ultrasonic reactor, an energy gradient in the direction of
propagation of the acoustic wave would be formed [37]. This corre-
sponds to a force which would result in the turbulence when acting
on a liquid and then would reduce the liquid film thickness of gas
bubbles containing ozone [4,37]. Moreover, the break up of these
gas bubbles due to ultrasonic irradiation would lead to the larger

Table 2
The pseudo-first-order rate constants under various operating conditions.
No. [TC]o (mgL~1) pH Q(Lh™1) [03]g (mgL~1) [Goethite] (gL~1) P(WL1) k (min~1) R?
1 100 3 30 13.8 0 1] 0.096 + 0.003 0.996
2 100 3 30 13.8 0.5 0 0.129 + 0.006 0.992
3 100 3 30 13.8 0 85.7 0.115 £+ 0.007 0.988
4 100 3 30 13.8 0.5 85.7 0.174 + 0.007 0.995
5 100 2 30 13.8 0.5 85.7 0.150 + 0.007 0.993
6 100 5 30 13.8 0.5 85.7 0.244 + 0.015 0.989
7 100 7 30 13.8 0.5 85.7 0.347 + 0.030 0.983
8 100 9 30 13.8 0.5 85.7 0.401 + 0.025 0.992
9 100 7 25 13.8 0.5 85.7 0.183 £ 0.004 0.998
10 100 7 40 13.8 0.5 85.7 0.500 + 0.034 0.991
11 100 7 50 13.8 0.5 85.7 0.764 + 0.045 0.995
12 100 7 30 23.5 0.5 51.2 0.370 £ 0.028 0.987
13 100 7 30 235 0.5 85.7 0.501 + 0.022 0.996
14 100 7 30 23.5 0.5 101.9 0.580 + 0.033 0.995
15 100 7 30 23.5 0.5 131.2 0.741 + 0.033 0.997
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specific surface area [38]. These effects can be considered as rea-
sons for the enhancement of mass transfer of ozone from gaseous
phase to aqueous phase [9,37-39]. In the meantime, the decom-
position of ozone would produce thermolytically free radical with
a high oxidizing power in the vapor phase of a cavitation bubble
[3,9,40]:

03(g)+))) — 02(g) + OCP)(g) (2)
0(*P)(g) + H,0 — 2°OH(g) 3)

where the symbol “)))” indicates ultrasound. The generated free
radicals may diffuse into the bulk solution to oxidize the TC. As
a result, the removal rate in US/O3 system would be higher than
ozonation alone.

In parallel, catalytic ozonation could achieve 0.129 min~! rate
constant, which was also higher than 0.096 min~! rate constant
achieved by ozonation. It has been reported that the active sites
of goethite could catalyze ozone decomposition and generate
hydroxyl radicals [16,19]. As a result of its electrophilic character,
ozone molecule could react with the Bronsted acid-OH,* as well as
neutral state of —~OH to produce hydroxyl radicals via the following
reactions [12,16]:

O3 +=Fe-OH,* — =Fe-OH** +°*0OH + O, (4)
=Fe-OH** + H,0 — =Fe-OH," +*OH (5)
03 +=Fe-OH — =Fe-0*~ +*OH + 0, (6)
03 +=Fe-0*~ — =Fe-OH + *OH + 0, (7)

Therefore, the generated hydroxyl radicals would attack TC at
the surface of goethite or oxidize TC in the solution when they
diffuse into the bulk liquid phase. This resulted in higher degrada-
tion rate achieved by catalytic ozonation than by ozonation alone.
The separate adsorption experiment was performed when oxygen
instead of the mixture of oxygen and ozone was bubbled into the
reactor, and little TC removal was obtained (data not shown). This
illustrated that the oxidation instead of adsorption was the domi-
nant contribution to the TC removal.

When both ultrasonic irradiation and goethite catalyst were
introduced into the ozonation system, TC removal rate reached
0.174min~', which was nearly twice as high as that in ozonation
alone and higher than that in catalytic ozonation or in US/O3 sys-
tem. As discussed above, TC oxidation by ozone would be improved
when ultrasonic irradiation or catalyst was combined with ozona-
tion. However, the active sites of the catalyst would be gradually
occupied by the oxidation intermediates during catalytic ozona-
tion process, which results in the catalyst deactivation [18]. In the
presence of ultrasonic irradiation, the available active sites would
be maintained due to the cleaning action of ultrasound [19,22]. In
the meantime, ultrasound may cause the fragmentation of catalyst
and increase the surface area as well as the active sites, and the tur-
bulent effect of the cavitation could enhance mass transfer of the
reactants and products to and from the catalyst [22]. On the other
hand, the presence of solid catalyst may increase the formation of
cavitations [23,41,42]. Therefore, compared to ozonation, catalytic
ozonation and US/O3, much higher degradation rate was achieved
by US/goethite/O3 system.

When oxygen instead of the mixture of oxygen and ozone was
bubbled into the reactor, little TC removal was observed (data not
shown). It illustrated the generated free radicals was negligible and
consequently little TC could be degraded during the US/goethite
process.

3.2. Effect of pH on the TC removal

The pH is usually considered as one of the most important
parameters for ozonation in combination with ultrasound and
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Fig. 3. The effect of pH on the TC removal ([TC]=100mgL-', [03];=13.8 mgL!,
Q=30Lh"!,P=85.7WL"!, [goethite] =0.5gL1).

catalyst. The investigated pH values were 2, 3, 5, 7, and 9, respec-
tively, when initial TC concentration was 100 mgL~1, the gas ozone
concentration was 13.8mgL-1, the gas flow rate was 30Lh!,
goethite addition was 0.5gL~! and ultrasonic power density was
85.7WL-1. As illustrated in Fig. 3, TC removal rate increased with
the increasing pH, and the influence of pH on TC removal rate was
significant before pH reached 7 while further increase in pH led
to a slight increase in TC removal rate. It should be noted that
there were four different species of the TC which could undergo
protonation-deprotonation reactions depending on the pH of the
aqueous solution [43]. When pH is less than 3, TC is fully protonated
to be TCH3*. With the increase of pH, the deprotonation degree
of TC increases by three steps in succession via TCH,, TCH~ and
TC2- [43]. Moreover, the deprotonated TC with a positively charged
group would be more easily attacked by ozone molecules than TC
itself while the pH does not reached 7 [44,45]. The degree of depro-
tonation is enhanced with the increase of the pH, which results
in the increasing removal rate accordingly. However, the fraction
of TCH- and TC?- is predominant while pH exceeds 7 and their
effect on the TC removal rate may not be greater than that of TCH3*
or TCH? when pH <7. Thus, the removal rate of TC increased from
0.150 to 0.347 min~! when pH values increased from 2 to 7, while
it increased to only 0.401 min—! when pH reached 9.

On the other hand, the decomposition rate of ozone also
depended on the pH. Because the different reactivity of ozone is
related to the three different types of the goethite surface functional
groups (=FeOH,*,=FeOH, =FeO~) which are influenced by the solu-
tion pH [12]. The surface functional groups of goethite changed with
the pH as the following equations [12,20,46]:

=FeOH," = =FeOH + H™, pK.= 6.4 (8)

=FeOH = =FeO~ +H™, pKa= 9.2 (9)

Due toits nucleophilic and electrophilic character [16,47], ozone
molecule may react with the surface hydroxyl groups of goethite,
such as =FeOH,*, =FeOH and =FeO", to generate hydroxyl radi-
cals [16,46]. Moreover, the catalytic activity of goethite reached the
maximum when the pH was 7, because the relatively weak FeO-H
bonds of goethite represented a high affinity for molecular ozone
and was easy for the surface OH-ozone combination [46]. Thus,
the removal rate of TC increased with the increasing pH when the
pH <7 and the increase became insignificant when the pH>7.
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Fig. 4. The effect of free-radical scavenger on the TC removal ([TC]=100mgL",
[03]g=23.5mgL~',Q=30Lh"!, P=85.7WL"!, [goethite] =0.5g L, pH=7).

3.3. Effect of free-radical scavenger on the TC removal

To further determine whether the free radical reaction played
an major role on the degradation rate of TC in the US/goethite/O3
system, some free radical scavengers were employed when the
TC concentration was 100mgL-!, gaseous ozone concentration
was 23.5mg L1, ultrasonic power density was 85.7 WL, goethite
addition was 0.5gL-!, the gas flow rate was 30Lh~! and the pH
was 7. The hydroxyl radical and singlet oxygen are considered to
be the main oxide species during the ozonation process [48]. Then
the addition of tert-butyl alcohol (TBA) as a stronger hydroxyl rad-
ical scavenger [13], or sodium azide as a singlet oxygen scavenger
[49] was investigated in the US/goethite/O3 system. It could be seen
from Fig. 4 that the removal rate of TC were 0.277 and 0.408 min~!,
respectively when 0.015molL~! TBA and 0.078 molL~! sodium
azide were applied to the reaction system. The degradation rates
are relatively lower compared with 0.501 min~! degradation rate
of TCin the absence of any free radical scavenger. This indicates that
free radicals generated in the US/goethite/O3 system improve the
TC degradation, but the direct ozone reaction still plays the major
role in this system.

3.4. Effect of power density on the TC removal

The degradation of TC by ultrasound enhanced catalytic ozona-
tion with goethite at different power densities was studied when
the initial TC concentration was 100 mgL-!, gas ozone concentra-
tionwas23.5mgL~1, the gas flow rate was 30 Lh~! and pH was 7. As
observedinFig. 5, the degradationrate of TCincreased from 0.370 to
0.741 min~! when the power densities increased from 51.2 WL-!
to 131.2 WL-1. It was reported that ultrasound could cause the frag-
mentation of catalyst and consequently increase the surface area
as well as the active sites of the catalyst [49]. To confirm this point,
the surface area of goethite before and after ultrasonic irradiation
under various power densities was determined and the result was
shown in Table 3. As can be seen in Table 3, negligible change of the

Table 3
The surface area of goethite before and after ultrasonic irradiation.
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Fig. 5. The effect of power density on the TC removal ([TC]=100mgL-',
[03]g=23.5mgL-',Q=30Lh"", [goethite] =0.5gL~!, pH=7).
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Fig. 6. The effect of gas flow rate on the TC removal ([TC]=100mgL",
[03]g=13.8mgL~', P=85.7WL"!, [goethite] =0.5g L, pH=7).

surface area of goethite was observed after ultrasonic irradiation,
which was similar to the results by Muruganandham et al. when the
azo dye Direct Orange 39 was decolorized by US/goethite/H, 0, pro-
cess [50]. Table 3 also indicated that the increase of power density
led to the little variation in the surface area of goethite.

With the increase in the power density, the cavitation effect
would be accelerated [51]. This results in the enhancement of ozone
mass transfer from gas phase to liquid phase and mass transport of
the reactants and products between the liquid phase and the cata-
lystsurface[22,51,52].In addition, the cleaning action of ultrasound
and the generation of free radial from ozone decomposition would
also be improved with the increase of cavitation effect. These effect
rather than the increase of surface area can be considered as reasons
for the fact that TC removal rates increase with power density.

Parameters Fresh Used (51.2WL1) Used (85.7WL1) Used (101.9WL1) Used (131.2WL1)
BET surface area (m? g~!) 10.669 10.625 10.658 10.677 10.643
Langmuir surface area (m? g1) 16.867 16.888 16.938 16.991 16.900
Single-point surface area (p/po) (m?2g~') 10.430 10.329 10.382 10.376 10.352
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Fig. 7. Recycling study of the degradation of TC ([TC]=100mgL-’,
[03]g=13.5mgL~",Q=30Lh"!, P=85.7WL"', [goethite] =0.5gL~", pH=7).

3.5. Effect of gas flow rate on the TC removal

The removal rate of TC in the US/goethite/O3 system was inves-
tigated at different gas flow rate when the TC concentration was
100mgL-1, gaseous ozone concentration was 13.8mgL~!, ultra-
sonic power density was 85.7 WL, goethite addition was 0.5gL~!
and the pH was 7. It can be seen in Fig. 6 that the degradation rate
increases with the increase of the gas flow rate. The apparent degra-
dation rate constants were 0.183, 0.347, 0.500 and 0.764 min~!
when gas flow rates were 25, 30, 40 and 50 Lh~1, respectively. The
increase in the flow rate corresponds to a larger net surface area for
mass transfer of ozone from the gas phase to the aqueous phase,
which results in the increase of the volumetric mass transfer coeffi-
cient of ozone [53] and consequently the increase of mass transfer
rate of ozone from gas phase to liquid phase. Then more ozone
would be available to oxidize TC.

3.6. Stability of the catalyst in ultrasound enhanced catalytic
ozonation reaction

To evaluate the stability and reusability of the goethite cata-
lyst in the US/goethite/O3 system, the experiment was carried out
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Fig. 8. Goethite catalyst particles size distribution dispersed in water before reac-
tion (a), after the first cycle (b), after two cycles (c) and after three cycles of reaction
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Fig. 9. The iron leaching during three cycles of reaction.

when the TC concentration was 100 mg L~!, gaseous ozone concen-
tration was 13.5mgL~!, ultrasonic power density was 85.7 WL"1,
goethite addition was 0.5gL~1, the gas flow rate was 30Lh~!, and
the pH was 7. As shown in Fig. 7, the removal rates of TC were
nearly unchanged for three successive cycles, which were 0.320,
0.331,0.347 min~!, respectively. It confirmed that goethite had the
long-term reusability and activity in the US/goethite/O3 system.

The particle size distribution of the fresh and used goethite after
three runs under the same condition was evaluated and depicted in
Fig. 8. The results show that the particle size distribution is located
between 0.2 um and 300 wm with a maximum at 15 wm before
and after reaction. In this study, almost no changes were detected
for the catalyst particle size after ultrasonic irradiation. The similar
phenomenon was reported by Kim et al. when ultrasound in combi-
nation with heterogeneous Fenton-like system was used to degrade
p-chlorophenolin [41]. Thus, the particle size distribution before
and after ultrasonicirradiation illustrates that goethite keeps stable
structure in the US/goethite/O3 system.

The amount of iron dissolved in the solution was determined
during the three consecutive US/goethite/O3 experiments as shown
in Fig. 9. The maximum concentration of the iron in solution is
less than 0.25mgL~!, which can be neglected compared with the

Absorbance

200 300 400 500 600 700 800

Wavelength (nm)

Fig. 10. UV-Vis spectral changes with reaction time ([TC]=100mgL-!,
[03]g=23.5mgL"',Q=30Lh~!, P=85.7WL"!, [goethite] =0.5gL1).
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Table 4
Main fragment ions obtained from MS and MS/MS analyses of tetracycline and
transformation products.

Compounds Observed fragments ions at m/z vale

289

standard effluent discharge and further confirms the stability and
reusability of goethite in the US/goethite/O3 system.

3.7. The degradation mechanism of TC in the US/goethite/O3

MS MS/MS system
Tetracycline 445 427,410 ) ) )
Product 1 461 444, 400 The degradation of TC in aqueous solution by ultrasound
roduc 443,426 enhanced catalytic ozonation with goethite was initially monitored
Product 2 477 461, 442 by UV-Vis spectroscopy to clarify the changes of molecular and
Product 3 443 426, 408 tructural ch teristi £ TC. The UV-Vi tra of the initial
Product 4 509 448, 430 structural characteristics of TC. The UV-Vis spectra of the initia
Product 5 491 474,430 solution of TC and the aliquots withdrawn after successive reaction
Product 6 447 430,412 times were plotted from 200 nm to 800 nm in Fig. 10. As could be
Product 7 383 366, 347 observed from these spectra, before the oxidation, the absorbance
of TC in water was characterized by two main wavelengths. One
band was located at the visible region, with its maximum absorp-
tion at 359 nm when another band in the ultraviolet region located
Intens. Intens. RT=10.3min Intens. 3
x105 1 RT=9.2min 461.0 X107 ] 445.1 %107 1 RT=11.3min 443.0
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Fig. 11. LC-ESI(+)-MS total ion chromatograms for monitoring of the degradation of tetracycline by O3 in aqueous medium after reaction times of 0, 3 and 20 min. The insets
show the mass spectra of the products eluted at 1.4, 6.8, 7.3,8.9,9, 9.2, 10.3 and 11.3 min.
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Fig. 12. Proposed degradation pathway of TC.

at 275 nm. The peak at 275 nm was associated with aromatic ring
A structure including acylamino and hydroxyl in the molecule
(Table 1), and that at 359 nm was originated from aromatic rings
B-D (Table 1), comprising the extended chromophores [54]. The
disappearance of two bands continuously decreased with the reac-
tion time, which was due to the fragmentation of enolic groups
connected to aromatic ring B and acylamino and enolic groups con-
nected to the aromatic ring A by oxidation spices attack. Moreover,
byproducts with the similar chemical structures to that of TC were
continuously formed when TC was consumed simultaneously.
The oxidation of TC is involved in a series of reactions leading to
the formation of intermediate products. Thus, simple methods for
the direct detection of reactive intermediates were important for
explaining and understanding the degradation pathway of TC. From
the HPLC-UV chromatograms obtained from aliquots collected at
different reaction times (data not shown), it demonstrated that
the intensity of TC decreased while the reaction proceeded. At the

same time the new peaks were detected and they increased as TC
decreased. Moreover, their retention times were shorter than that
of TC, which illustrated that more polar intermediate compounds
were formed during the oxidation of TC.

To further identify the intermediate products during the oxida-
tion, an electrospray ionization (ESI) source method was employed.
The total ion chromatograms of the degraded TC by the ultrasound
enhanced catalytic ozonation with goethite at 0, 3 and 20 min were
represented Fig. 11. The peak of TC and the peaks of seven major
byproducts were observed. The overall MS and MS/MS character-
istics corresponding to the peaks were gathered in Table 4.

AsshowninFig. 11, anintense and prominent ion of m/z 445 was
observed in the MS spectrum and its retention time was 10.3 min,
corresponding to the deprotonated molecular ion. The successive
mass-selection of the main precursor ions was proposed and their
fragmentation upon collision-induced dissociation was yielded by
the following sequence: m/z 445 — m/z 427(by loss of H,0) — m/z
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Fig. 13. Decay of TC and variation of toxicity in US/goethite/Os3.

410 (then by loss of NH3) (ESI(+)-MS2). Based on the description
in literature [25], the fragmentation pathway of the water loss
was proposed to be the oxidation of the hydroxyl group bound at
the C6 atom. Besides TC, seven immediate products of m/z 461,
383, 443, 447, 477, 491 and 509, were also detected. Based on the
results and the literature, the possible TC degradation pathway was
proposed as illustrated in Fig. 12. The TC structure indicated that
the C11a-C12 double bond is only one electron-withdrawing sub-
stituent and is much more susceptible to the ozone or free radical
attack than the other available double bonds, such as C2-C3 double
bond and ring D. Then the initial 1,3-dipolar cycloaddition towards
the C11a-C12 double bond of TC gave rise to the formation of Prod-
uct 1. The C2-C3 double bond of Product 1 was further attacked by
ozone or hydroxyl radical to form Products 2 and 3, respectively,
while the attack of ring D of Product 1 led to the destruction of the
aromatic ring and the generation of Product 4 [43]. Product 3 was
further oxidized to Product 7 with an m/z value of 383. The attack
of dimethyl amino group and ring D of Product 2 resulted in the
formation of Products 5 and 6 of m/z 491 and 447 [47,56].

3.8. Mineralization and acute toxicity tests of TC

To investigate the mineralization of TC in the US/goethite/O3
system, experiments were performed when the TC concentration
was 100mg L1, pH was 7, the gas flow rate was 30Lh~!, gaseous
ozone concentration was 13.8 mg L1, ultrasonic power density was
85.7WL"1, and goethite addition was 0.5 gL~!1. As shown in Fig. 13,
less than 4% TOC was removed after 20 min reaction compared with
99.2% TC removal efficiency. After the reaction time was extended
to 90 min, 30% of TOC removal efficiency could be achieved and
further prolong of reaction time may increase TOC removal.

The variation of acute toxicity during US/goethite/O3 process
was evaluated by 24-h immobilization test with D. magna. As can
be seen in Fig. 13, the initial solution of TC leads to 20% death of the
crustacean. The acute toxicity increased significantly after 3 min
reaction, and 80% death of D. magna was observed. This is due to the
generation of more toxic immediate products [57,58], and the sim-
ilar tendency was reported by Beltran et al. [58] and Wu et al. [59].
With the further progress of reaction, the acute toxicity reduced
gradually, indicating the toxic structures were destructed and the
immediate products were degraded into the less toxic products.

4. Conclusion
Tetracycline could be readily decomposed by the catalytic

ozonation combined with ultrasonic irradiation. TC removal rate
increased with the increase of power density and pH. The pres-

ence of the free radical scavenger (sodium azide or tert-butyl
alcohol) inhibited TC removal rate, indicating both direct molec-
ular ozone reaction and indirect radical reaction were involved in
the US/goethite/O5 system. TC was oxidized quickly by ozone, free
radical, or both via 1,3-dipolar cycloaddition and electrophilic reac-
tions to form immediate products. After three successive cycles, TC
removal rate and the particle size distribution of goethite change
insignificantly, and the dissolved iron concentration was very low,
indicating the stability of catalyst in US/goethite/O3 system. The
toxicity assessed by D. magna decreased after it reached the maxi-
mum during the first period of the oxidation.
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