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Most advanced oxidation processes (AOP) readily decolorize but are unable to mineralize aqueous azo dye
solutions. The extent of mineralizatieimeasured as total organic carbon (TOC) losskging the 500-kHz
sonication of azobenzene or methyl orange solutions increases from 20% to more than 80% in the presence
of Os. The abatement of the total organic load by the joint action of ultrasound aath@unts to chemical
synergism. Since TOC losses are not enhanced by ozonation followed by sonication and ground-state O
atoms—that are produced by sonochemicalt@ermolysis-are relatively unreactive, synergism likely involves

the fast oxidation by ozone of free radical or unsaturated species generatedi bgdical attack on otherwise
refractory products. Some of these products probably are saturated mono- and dicarboxylic acids, known to
be resistant to @oxidation. Nitrobenzene and benzoquinone, two rather persistent byproducts of sonolysis,
are rapidly and completely mineralized by the combined oxidation treatment. Thus, direct ozonation of
unsaturated sonolytic byproducts also accounts for part of the observed enhancement of the extent of
mineralization. The anomalous kinetic behavior of the sonochemical degradation of benzoquinone (in the
absence of g) is accounted for by its particularly high reactivity toward the relatively inerbénd Qe

radicals.

Introduction decomposition of water inteH and«OH, which in turn yield
mainly Hx(g) and HO,(aq), as well as reformation of®. New

Azo dyes, which were designed to resist chemical and : LA .
reaction pathways, which improve the overall sonochemical

photochemical degradation, are relatively stable under normal nergy efficiency by employing ozone (in mixtures with)@s
wastewater treatment conditions. As a consequence, severaE ay y by employing

oo ; ackground gas, are being elucidateéfIn the case of volatile
advanced oxidation methods have been tested for their complete b h hettbutvl eth he ob d
degradation, such as photolysis in the presence0b2 TiO, substrates such as methgit-butyl et er,.MTBE,t € observe

g , e g enhancement in the extent of degradation can be accounted for
photocatalytic oxidatiod, ® Fenton’s reactiori€ radiolysis? and

T ol ; . by an enhanced oxidation in the cavitation bubbles. In the case
ultrasonic irradiatiod®!! These techniques decolorize the ; X
) - ..~ of our present work, however, this mechanism does not apply
effluents, lowering dye concentration to sub-parts per million

. . . . .~ to AB or MO, since their vapor pressures are negligible.
levels, but fail, however, to achieve a high degree of mineraliza- . . .
tion to COy. Recent changes in the Safe Drinking Water Act Despite an almost instantaneous decolorization of dye solu-

which designate total organic carbon (TOC) as a nonspecific ioNS upon ozonation, this method of OXidg%)Q is one of the
contaminant in drinking water, have created a demand for €SS effective techniques for reducing TOE? The more
improved treatment& extensive mineralization, which is observed when these two

We recently reported on the sonochemical degradation o
azobenzene and the azo dyes methyl orangeethyl red and
p-methyl red in aqueous solutions saturated with inert géses.
Although full substrate degradation was normally attained in

less than 30 min in each case, TOC levels remained at 50% for

the dyes and at 70% for azobenzene after the firgt 2 b of
irradiation.

Searching for ways to improve the organic carbon removal
efficiency, we examined the combination of ultrasonic irradiation
with ozonation, for the degradation of azobenzene (AB) and
methyl orange (MO) in aqueous solution. When sonicated

solutions are saturated with inert gases such as argon, most o

the eH and «OH radicals generated in the core of cavitation
bubbles recombine before reaching the solutfoi.Thus, a

substantial portion of the mechanical energy required to produce
cavitation is lost through recombination reactions such as the
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¢ techniques are combined, is evidence of a chemical synergism,

in which dead-end byproducts of one process are efficiently
degraded by the other. The actual concentration s{aq) is
drastically reduced upon sonication due to its decomposition
in the cavitation bubbles and in solutithtHence, new and more
active oxygen species may also be produced and released into
solution that replace £0aq) as primary oxidizing agents in the
combined technique.

Experimental Section

f The experimental setup employed in this study has been
described elsewhef8.The sonochemical reactor consisted of

a 650-mL glass chamber attached to a piezoelectric transducer,
surrounded by a self-contained water jacket. Sonication at 500
kHz was performed with an ultrasonic transducer (Undatim
Ultrasonics) operating at 50 W (2 W/@nThe ultrasonic power
input to the reactor was determined using a standard calorimetric
method?® The solution was stirred magnetically during each
experiment, and the temperature was kept constant at£5.0
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TABLE 1: Experimental Conditions for Ozone Generation

applied voltage  [@agq)ka/uM  [O3(aq)ka’*/uM  po/mbar

50 310 19 24 os|
33 167 4.5 12.7
20 86 - 6.6
13 27 - 2.1

H-eH
o

0.5°C with a VWR Scientific thermostat. Variable;@; ratio
mixtures were produced in an Orec V10-804 generator by ozl
applying different voltages on a constant flow of(@) at 1.5 (A)
bar. Oxygen gas was filtered through Drierite and a molecular .
sieve (Alltech) and through an activated charcoal hydrocarbon
trap (Alltech) before being fed to the ozonator. The gaseous
mixture was bubbled in the solution through a glass-fritted
diffuser at a flow rate of 50 mL/min. Inert PTFE tubing was
used throughout to preclude organic carbon contamination of 8T
the solutions resulting from 40g) attack of tubing walls,
observed when other materials were employed.

Four different Q/O; ratios (i.e., applied voltages) were used.
In each case, the absorbance at 260 nm of the resulting ozone
saturated aqueous solutions & 3300 M1 cm™l) was
determined using a Hewlett-Packard 8452-A diode array spec-
trophotometer. Similar measurements under ultrasound irradia-
tion revealed extensive {Odecomposition. The [&aq)ks
saturation concentration in pure water for each voltage applied,
with and without ultrasound irradiation, is reported in Table 1. gigutfsls _M(ig‘)*rgggﬁg(t’igr?‘;ﬁog%z?g)e ;ﬁLuﬂﬁ?:sitr;?$P:dPaTi:n at
The p"?““a' pressure of {), that is, the Comp_osmon of the_ 500 kHz. Applied voltage at t%e ozone generat®;:50 V; A, 33 V;
gas mixture, was calculated from the saturation values using m, 20 V: ¢, 13 V: andO, without ozone,
the known Henry’s constaft ky©s (288 K) = 76.18 bar ML,

Aqueous solutions of AB and MO (10M) were prepared
before each run and filtered through Millipore GS 0,22-
disks. The same procedure was employed for the preparation
of 20-«M solutions of the byproducts nitrobenzene (NB) and
benzoquinone (BQ). Concentrations were determined spectro-
photometrically é = 22000 M~ cm™ at 319 nm for AB;e =
26900 M1 cm™! at 464 nm for MO;e = 8852 M1 cm! at
266 nm for NB; and = 12589 M1 cm™! at 250 nm for BQ).
The pH of the solutions was measured using an Altech 71 ozl
pHmeter. (A)

Samples were collected for analysis at different times through .
a septum port by means of a glass syringe. The—uig¢
absorption spectra of the reaction mixture were recorded as a
function of time using a conventional semi-micro quartz cuvette
with a 10-mm path length. Total organic carbon analyses were
carried out with a Shimadzu 5000A TOC analyzer operating in
the nonpurgable organic carbon (NPOC) mode. When needed,
samples collected for TOC analysis were inmediately quenched
with 1 mL N&S,03 0.07 M to scavenge the residuag @nd
preserve sample composition prior to the analysis. Each sample
was measured at least 3 times; the reported result is the averaged
value. The experimental error was calculated in each case from
the dispersion of the data, being alway$0% of the reported
value. Product analysis by HPLC-ES-MS was described previ-
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ously!! Calculations were performed with Mathematica #.0. t/min
MO (Baker, >95%), AB (Aldrich, >99%), NB (Aldrich Figure 2. Mineralization of methyl orange solutions at 16 and pH
99%), BQ (Si’gma>9é%) and Nﬁ,Q03 (EMl >99%) Weré =6.5105.5: (A) ozonation only and (B) with ultrasonic irradiation at

- A . 500 kHz. Applied voltage at the ozone generat®;:50 V; 4, 33 V;
used without further purification. The solutions were prepared g >0 v: @, 13 V: andO, without ozone.

using water purified by a Millipore Milli-Q UV Plus systenfR(

= 18.2 MQ.cm). Oy(g) was provided by Air Liquide. The use of ultrasound alone on AB led to a limiting mineraliza-

tion of about 20% after 150 min (Figure 1B, open circles).
Similarly, ozone alone could only reduce TOC by about 30%,
that is, TOG = 0.7 TOG, even at the highest 4D, ratios
Enhanced Mineralization. Figures 1 and 2 summarize the (Figure 1A). In contrast, when the combined agents were
results obtained when either ultrasound, ozonation, or their employed, the extent of mineralization exceeded 80% atall O
combination was applied to AB and MO solutions, respectively. concentrations (Figure 1B), although TQ®@as reached sooner

Results and Discussion
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Figure 3. Initiation, promotion, and inhibition of the decomposition
of Os(aq) under ultrasonic irradiation.

at the higher @O ratio mixtures. Similar results were observed e ™
with MO as a substrate (Figure 2). In this case, ozonation or t/ min
sonlcathn led to about 50% TOC reductions, t_)ut th?'r C_ombln_a- Figure 4. (A) Mineralization of benzoquinone solutions at 4G and
tion achieved a faster and more complete mineralization, with 1y — g 5 to 5.5. (B) Mineralization of nitrobenzene solutions afC5
TOGC, = 0.2 TOG. and pH= 6.5 to 5.5.0, ultrasonic irradiation under £atmosphere;

We recently reported the qualitative product analysis of the B, ozonation (50 V); and®, combined sonolysis/ozonolysis (similar
sonochemical degradation of AB and MO performed by HPLC- experimental conditions).
ES-MS! Some relatively stable aromatic compounds were
observed among the main byproducts. In contrast, no aromaticproceeds at relatively low temperatures, as compared with the
products could be detected as sonolytic byproducts by usingmore extreme values needed to decompose solvent molecules
ozone as a background gas. Since most concentrations were neafpon bubble collapse. Hence, the cavitation bubbles that are
the detection limit of the ES-MS, we were not able to identify able to decompose ozone under mild conditions at a given time
the remaining products in the latter case. ES-MS also provedare more numerous than those reaching temperatures high
to be a poor method for identifying the main products of enough to dissociate the,8 molecule. Although the ground-
ozonation. Nevertheless, the complete absence of N@/z state O atoms produced are rather unreactive and mostly
= 62) or of aromatic compounds suggests that ozonation andrecombine to yield @ they also contribute to increase #@H
sonication proceed by very different pathways. The reactivity radical (and their recombination product;®}) production by
of Oz toward activated aromatic rings is higher or at least similar cavitation bubbles through the reaction
to that observed toward azo double bofeSThus, the cleavage
of the N=N bond cannot be considered the primary degradative
step in the case of ozonolysis, as opposed to what we observed
during sonolysis under inert gases.

To verify the refractory nature of AB ozonation products,
we performed a sequential ozonatiesonolysis treatment. After
a 60-min ozonation (at 33 V) of a @M AB solution, which
is sufficient to achieve the maximum possible effects, ultrasonic
irradiation under @for 200 min was unable to further reduce
TOC levels. This fact underscores the importance of the apparent
chemical synergism operating when sonolysis is combined with
ozonolysis. The combined action must involve the fast oxidation

O(CP)(9)+ H,0(g) — 2 «OH(g) )

In the aqueous phase, the remaining dissolved ozone may
react directly with the target substrates and their initial degrada-
tion byproducts or with the species originating during water
(and ozone) sonolysis, as follows:

¢OH + O, — «HO, + O, ks=11x10° (3)

«0,” + 0;— 0, + +0,~ k,=15x 10 (4)

by ozone of the free organic radicals produced ikl radical O + ., _
attack on otherwise refractory species. The latter species appear Oy +H OH+0, k=9.0x10" (5)
to be partially oxidized, saturated mono- and dicarboxylic acids H,0, + O, — OH + sHO, + O, k= 0.025 (6)

that are known to be resistant both to ozonation and ultrasonic
irradiation performed separately.

Aqueous Ozone Chemistry under Ultrasonic Irradiation.
When sonicated liquids are bubbled with/O, mixtures, the
thermal decomposition of 40g) in the cavitation bubbles leads
to enhance@OH radical and HO; yields. In the vapor phase
of cavitation bubbles, reaction 1

Even though the decomposition of ozone as catalyzed by OH
is slow and can be neglected over the pH range of this study,
the chain reaction process of egs@appears to be activated
under ultrasonic irradiation, as illustrated in Figure 3. Therefore,
the major part of the dissolved ozone is efficiently decomposed
by ultrasonic irradiation (Table 1). In the combination of
sonolysis and ozonolysis, the substrates and their byproducts

04(9) ~ O4(9) + OCP)(9) (1) are able to react either withz@q) or with one of the active
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TABLE 2: Reported Rate Constants for Reactions of the Substrates and Some of the Main Degradation Byproducts with
*OH(aq), Os(aq), and « HO,(aq)/e0, (aq) in Water at Room Temperature

«OH O3 oHO,/eOy™
kOHM st kO/M 15t kHo /ML s ref

azobenzene 2 10° 220 26, 27
methyl orange 2 100 28
nitrobenzene 3.% 10° 0.09 29,30
benzene sulfonate 437 10° 0.23 29, 30
phenol 1.8x 10% 1300 29, 30
catechol 1.1x 100 2.86x 10° 4.7 x 1072.7 x 1C° 31, 30, 32
nitrophenol 3.8x 10° <50 33,30
hydroquinone 2.k 101° 1.43x 1P 8.5x 10°/1.7 x 10/ 31, 30, 34,32
benzoquinone 1.2 10 /1.0 x 10° 30, 34, 32
oxalate 7.7x 10° <0.04 /<0.20 33, 30, 32
hydrogen oxalate 4.% 10 30
maleic acid 6x 10° 1000 /<0.06 33,30, 32
formic acid 1.3x 10 5 33,30
formate 3.5x 10° 100 /<0.01 33,30,32
formaldehyde Ix 10° 0.1 29, 30

species generated by the combined sonolysis of water and ozone, 0fe

thus providing new alternative degradative pathways. The I (A)

presence of a variety of reactive radicals, particularly at the 08 E"'}\

beginning of the degradation process, may also drive the reaction 0 [ .

toward the production of more single-ring aromatic intermedi- o r E"*E\

ates, as observed during sonolysis in our previous WwoTlhe 04 i }.E

latter, as we will illustrate below, can be then easily degraded A Axi"‘i

by Os(aq) and by the radical intermediates as well, providing 02 -

an effective pathway towards mineralization. T T e e s

Probing Sonolytic Byproducts. Two relatively stable byprod-

ucts of sonochemical degradation were selected as probes to 00 (B)

investigate the effect of ozone in sonolysis: nitrobenzene (NB)

and benzoquinone (BQ). Figure 4 illustrates the mineralization 304

of NB and BQ aqueous solutions at 16 in the pH range 6.5 8

to 5.5 for ultrasonic irradiation under an,Qtmosphere, = 08

ozonation at 50 V, and combined sonolysis/ozonolysis in similar -

experimental conditions. The data in Figure 4 show that the 1

high reactivity of NB and BQ toward ozone, under the . .

conditions of our experiment, may account, in part, for the 0 20 40 60 80 100 120

increased extent of mineralization and the reaction rates observed t/ min

with AB and MO. In contrast, almost no appreciable improve- Figure 5. (A) Sonochemical degradation of benzoquinone af@5
ment results from the sonication of solutions that had previously and pH= 6.5 to 5.5. The experimental values)(were reproduced by
(or simultaneously) undergone simple ozonation. The combined numerically solving egs 1720 (dashed line). (B) Sonochemical
technique in these cases (particularly for BQ) yielded almost degradation of nitrobenzene at & and pH= 6.5 to 5.5. The
the same results as ozonation alone. Furthermore, these resuIt‘%xloe”mentaI values)) were adjusted using eq 7 (solid line).

suggest that the persistent species in ozonation are chemicallyTABLE 3: Pseudo-First-Order Rate Constants for the
different from those produced by sonication, since some of the Sonochemical Degradation of Azobenzene, Methyl Orange,

latter are readily degraded bys@q). Nitrobenzene, and Benzoquinone under @Saturation and
The relative stability of BQ and NB under ultrasonic Estimated Steady-StateOH Radical Concentration, [¢OH]ss

irradiation in the absence of ozone is consistent with their X kx/min~* [«OH(aq)}/M

relative inertness teOH(aq) radicals, as compared with the MO 0.042 3.5x 1014

precursor dyes substrates, and with most of the other byproducts AB 0.043 3.6x 10714

generated during the reaction. Table 2 summarizes the relevant NB 0.010 4.4x 10

rate constants reported for the reactions of AB, MO, and some BQ 0.041 34< 107t

byproducts of their degradation, wibH(aq), Q(aq) anceHO,- sonochemical degradation of NB and BQ undersaturation

(aq)+O;"(aq). In the case of BQ, the reaction wilBH isnearly o6 estimated from these data and are reported in Table 3
20 times slower than that of any of the substrates and is eVeNygether with those of AB and MO that were previously

slower than that of NB. The fact that the ultrasonic mineraliza-
tion of BQ is slightly more efficient than that of NB, despite
their relativek®" values, is intriguing and may be related to
the high reactivity of BQ toward superoxide (a poor oxidant in
most other cases; see Table 2). diX]

Role of eHO, and «O,~ in the Sonolysis of BQ.When the Tat = ky[X] (7)
sonochemical degradation of BQ and NB (withouf) @vas
followed spectrophotometrically, as shown in Figure 5, two where X is any of the considered substrates (AB, MO, NB, or
completely different concentration versus time profiles were BQ), should include the steady-state concentratiofObd(aq),
observed. The pseudo-first-order rate constakis fér the as follows:

reportedt! Assuming thatsOH radicals are the only reactive
species generated during sonolysis in the absences0fh®
pseudo-first-order rate constarkg
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ky = kxOH[°OH]ss 8)
Table 3 includes the calculateeH]ss in the four cases,
employingk®H values from Table 2. Except for the value of
BQ, which were estimated from the initial data points only, a

good agreement exists in all other cases, thus providing a

reasonable estimation fosQH]ss The deviation of BQ from

the assumptions in the simple model of eq 1 becomes even more

evident from the graphical representation (see Figure 5A). In

this case, the process is not pseudo-first-order in [BQ] but rather
zero order. Here, we should also consider the contribution of

reactions of BQ withHO,(aq) and, particularly at the working

pH, of «O,(aq). The concentrations of these two species in
solution increase with the irradiation time, since they originate
in the reaction of the two main products of water sonolysis,
*OH and HO,, in the bulk liquid phase at room temperature:

*OH(aq)+ H,0,(aq)— sHO,(aq) + H,O
ko=2.7x 10" (9)
*HO,(aq)==+0, (aq)+ H'(aq) K,=4.8 (10)

While «OH(aq) reaches a steady-state concentratio@,(dq)

Destaillats et al.

d[«O
[dtH] = Ko — k1 [BQI[«OH] — ke[H,0,][«OH] —
2k, sOHJ? — k; [+0, J[«OH] (17)
dH,0,] )
—i = Kno, + ki sOHJ* — ks [«OH][H,0;] (18)

df0, ] B
d ke[Hzoz]['OH] - klz[BQ][‘Oz |

ky[+O, 1[¢OH] — k,«O, ]* (19)

dBQ] _

= = ~kulBQI[+OH] — kJBQI[-0, 1  (20)

Although the reported values for the rate constants were
determined between 2@ and 25°C, the temperature depen-
dence of these diffusion-controlled rates is quite small. The
dotted line in Figure 5A represents the calculated BQ depletion
rate, and it shows a good agreement with the experimental
values. The deviation from the simple pseudo-first-order model
from eq 7 can thus be explained simply by the major contribu-
tion of superoxide in the BQ degradation (not observed for the

accumulates in the aqueous phase, thus increasing the productiofther three substrates). This fact reveals the importance of
rate of superoxide with reaction time. Given the pH range of considering, at least in some cases, a more complex scheme of
our experiment, the superoxide anion is the prevalent species reactions, considering the particular chemical nature of the

although $HO,] must also be appreciable.
To assess the role @HO,(aq) andeO,~(aq) in the depletion
of BQ, a simple kinetic model is postulated in order to reproduce

species involved.
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