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Effect of Mineral and Organic Matrices on Sonochemical
Degradation of 4-Isopropylphenol at Low Concentrations

Mahdi Chiha,'? Oualid Hamdaoui,! Stéphane Baup,2 Nicolas Gondrexon,> and

Christian Pétrier*

1Laboraz‘ory of Environmental Engineering, Department of Process Engineering,

University of Annaba, Annaba, Algeria
2LEPMI, Saint Martin d’Héres Cedex, France

The aim of this work was to evaluate the influence of mineral and
organic matrices on the sonochemical degradation of 4-isopropyl-
phenol (4-IPP), an endocrine disrupting chemical found in water.
Bicarbonate ions as mineral matrix and sucrose as organic
competitor were evaluated with respect to their effect on sonochem-
ical degradation rates. At low 4-IPP concentration, the sonolytic
degradation was clearly improved in the presence of bicarbonate
involving the formation of the carbonate radical resulting from the
reaction of bicarbonate with hydroxyl radical. In the presence of
large excess of sucrose, the sonochemical degradation of 4-IPP at
low concentration was not affected.

Keywords 4-isopropylphenol; carbonate radical; endocrine dis-
rupting chemical; sonochemical degradation; sucrose

INTRODUCTION

Water resource is strongly contaminated by organic
compounds issue from human activities. Some of these
xenobiotics can interfere with hormone activities resulting
in an adverse effect on the aquatic ecosystem development
and on human health (1,2). These compounds, named
endocrine disrupting compounds (EDCs), are active at very
low concentrations (ngL™"), and cannot be eliminated to
an inactive level in water treatment plants and can even
be detected in drinking water (3—5). Most of this pollution
is due to molecules bearing an aromatic ring with a special
emphasis to bisphenol A (BPA) and alkylphenols (6-7).

Effective elimination of these EDCs can be realized
having recourse to advanced oxidative technologies. These
techniques, centered on the production and reaction of the
hydroxyl radical (OH), can conduct to the complete
mineralization of the organic targets (8). Fenton reagent,
photo-fenton, photocatalysis, electrochemical techniques,
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0;/H,0,, and UV/H,O, have demonstrated their
efficiency towards EDCs elimination (9-14). However, a
complete mineralization is required because the remaining
toxicity could result from the presence of degradation
intermediates (15,16). Taking one of these intermediates,
as an example, this work investigates the kinetics of
4-isopropylphenol (4-IPP) elimination upon ultrasonic
action in water and in the presence of two potential
hydroxyl radical scavengers:

(1) the bicarbonate ion as inorganic scavenger and
(ii) sucrose as organic competitor.

4-1PP was chosen because this alkylphenol exhibiting
acute and chronic toxicity has been detected as intermedi-
ate during the sonolytic and photocatalytic degradation
of BPA (17-20). Additionally, this compound has been
detected as a pollutant in European and United States
rivers (21,22).

Ultrasonic action is linked to the formation of the bubble
of cavitation that forms, grows, pulsates, and collapses
under the periodic variation of the pressure wave (23). Vio-
lent contractions of the bubble filled with dissolved gases,
water vapor, and volatile molecules occur adiabatically in
the microsecond scale. As a consequence, the final step of
the contraction is a hot and high pressure nucleus (24,25).
Under these conditions, entrapped molecules of dissolved
gases, vaporized water, and solutes can be brought to an
excited state and dissociate. Therefore, *OH radicals are
generated from water and oxygen dissociation (26).

H,0 — H' +OH (1)
0, — 20 (2)

H' + 0, — "OOH 3)
O +H,0 — 20H (4)
H' + O, —"OH + O (5)
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The use of AOPs for aqueous organic pollutants
elimination can be achieved with fair to high efficiency.
However, because "OH radicals are only slightly or not at
all selective, in the case of complex matrices such as indus-
trial wastewater, natural water and alimentary liquids,
degradation rates can be tampered by the presence of
organic and inorganic species that compete with the target
molecule for the *OH radicals (27). For many years, it was
assumed that sonochemical oxidation reactions like other
AOPs should generally be inhibited by high alkalinity
usually resulting from the presence of large concentrations
of radical scavengers such as bicarbonate and carbonate. It
has been demonstrated that the sonochemical degradation
of dyes and bisphenol A can be enhanced in the presence of
bicarbonate and carbonate ions (28-30). This enhancement
was attributed to the formation of carbonate radical
(COy") resulting from the reaction of hydroxyl radical with
bicarbaonte or carbonate. Carbonate radical, unlike the
"‘OH radical, can migrate towards the bulk of the solution
and therefore induce the degradation of the micro-
pollutants present in the bulk solution (28-30). In contrast
to the hydroxyl radical, which reacts very rapidly with
almost any organic compound, carbonate radical is very
selective and the corresponding second-order rate con-
stants cover a range of many orders of magnitude. Carbon-
ate radical may react by electron transfer or hydrogen
transfer (31). Additionally, ultrasound presents important
advantages compared to other AOPs, because many
researchers have indicated that in the presence of the natu-
ral environment, the rate of sonolytic degradation in a
complex matrix was not affected (32,33). Additionally,
ultrasonic treatment is a promising process for the destruc-
tion of malathion and chlorpyrifos in complex matrix such
as apple juice (34).

The aim of this work was to evaluate 4-IPP elimination
under sonochemical conditions. It is of practical interest to
examine this process in complex matrices, as various
matrix components may significantly affect the sonochem-
ical kinetics and therefore the overall treatment efficiency.
Therefore, the influence of bicarbonate ion as mineral
matrix and sucrose as organic competitor on the sonolytic
destruction of 4-IPP at low concentrations was
investigated.

EXPERIMENTAL
Chemicals

4-Tsopropylphenol (molecular weight 136.19 gmol ™)
was obtained from Aldrich (98% purity) and was used as
received. Sodium bicarbonate was obtained from Prolabo
(99.5% purity) and sucrose was purchased from Merck
(99.99% purity). Acetonitrile (HPLC-UV grade) was
supplied by Acros organics. Pure water, obtained with
activated carbon and ion exchanger resins from Fisher

Bioblock Scientific (Illkirch, France), was used throughout
the study for the preparation of aqueous solutions, and as a
component of the mobile phase in analysis by high per-
formance liquid chromatography (HPLC).

Reactor

Experiments were conducted in a cylindrical water-
jacketed glass reactor in order to control the temperature.
Ultrasonic waves (278 kHz) were emitted from the bottom
of the reactor through a piezoelectric disc fixed on a Pyrex
plate. The temperature of the solution was monitored
using a thermocouple immersed in the reacting medium.
The temperature inside the reactor was maintained at
20+ 1°C. Acoustic power dissipated in the reactor was
estimated using a standard calorimetric method (35). The
reactor was periodically sampled for analysis.

Analyses

4-TPP concentration was determined by using HPLC
(Waters model 515) equipped with a Supelcosil LC-18 col-
umn (ID=4.6mm, length=250mm) and UV detector
(Waters model 486). Sample injections were achieved with
a Rheodyne injection system equipped with a 20 pL sample
loop for 4-IPP concentrations above 1 mg/L and a 200 uL
loop for the lowest concentrations. The used eluent was a
mixture of acetonitrile and pure water (60:40 v/v) at a flow
rate of 1 mL min~".

Hydrogen peroxide concentrations were determined
using the iodometric method (36). Sample aliquots taken
from the reactor were added in the quartz cell of the spec-
trophotometer containing potassium iodide (0.1 M) and
ammonium heptamolybdate (0.01 M). The mixed solutions
were allowed to stand for Smin before absorbance was
measured. All experiments were carried out at least three
times.

RESULTS AND DISCUSSION
4-1PP Degradation and Hydrogen Peroxide Formation
Sonochemical degradation of 4-IPP was investigated in
aerated solutions for a large range of concentrations from
SugL™" to 200mgL™" (3.67 x 107® to 1.47 x 10> M). If
the time dependence elimination of the 4-IPP appears to
decrease exponentially as generally reported in the litera-
ture, it is clear that degradation does not follow a first
order kinetics because of the lower values of the coefficient
of determination (Fig. 1). Thus, degradation kinetics can-
not be characterized by a single rate constant expressed
in time~'. In this study, the results were presented using
the initial degradation rate (uMmin~') rather than a
pseudo first-order Kkinetic constant. Initial degradation
rates were computed as AC/At over the first minutes of
sonication from the results showing the evolution of
4-TPP concentration as a function of sonication time.
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FIG. 1. Evolution of InC/Cy versus time for the sonochemical degra-
dation of 4-IPP (conditions—Frequency: 278 kHz; power: 80 W; volume:
300mL; pH: natural (6.5); temperature: 20 & 1°C).

The initial sonolytic destruction rate of 4-IPP versus
initial substrate concentration is shown in Fig. 2. It was
observed that the initial degradation rate increases with
an increase in the initial concentration up to 100mgL ™!
(7.34 x 107*M), followed by almost constant sonolytic
degradation rate for higher concentrations. However, a

-

—o— Initial degradation rate

| K
!

w

—— HZOZ formation rate

N

- initial degradation rate x min
4-IPP initial d dati 10 (M min

(,.utw W) . 01 x djea uonew.oy apixosad usboipAH

Il | 0
0 0.5 1 1.5
4-IPP initial concentration x 107 (M)

FIG. 2. Evolution of the initial rates of 4-IPP degradation and hydrogen
peroxide formation versus 4-IPP intial concentration (conditions—
Frequency: 278 kHz; power: 80 W; volume: 300 mL; pH: natural (6.5);
temperature: 20 £ 1°C).

linear relationship was not observed, as expected, for a
first-order kinetic law.

In order to evaluate the influence of hydrogen peroxide
ultrasonically produced on the degradation of 4-IPP, a
control experiment was conducted by adding hydrogen
peroxide from an external source in a continuously stirred
cell containing 4-IPP solution. The dosage of added
hydrogen peroxide was the same as the amount formed
with the ultrasonic reactor in pure water. The results
indicate that a similar dosage of hydrogen peroxide in
the absence of ultrasound did not produce any degradati-
on of 4-IPP. Consequently, there is no direct oxidation
reaction between the hydrogen peroxide and 4-IPP in
solution.

4-1PP exhibit low fugacity and therefore it cannot be
degraded by pyrolysis inside the cavitation bubble because
of its low Henry’s law constant (1.09 x 10~ atm m> mol ).
Additionally, due to its relative low solubility in water
(1.10 x 10°mg L") and relative high octanol/water par-
tition coefficient (log Kow =2.9), 4-IPP may be eliminated
through reaction with hydroxyl radical at the interface of
the cavitation bubble. Thus, the ‘OH radicals generated
by ultrasound are the main ones responsible for the degra-
dation of 4-1PP.

Figure 2 also shows the hydrogen peroxide production
rate for each 4-1PP initial concentration and its respective
value without substrate (in pure water). A higher concen-
tration of hydrogen peroxide is reached for the lower con-
centration of the substrate. At low 4-IPP concentrations,
the probability of reaction with ‘OH radical decreases
and the recombination of hydroxyl radicals occurs. At high
4-1PP concentration, the formation rate of hydrogen per-
oxide was low. At high substrate concentration, the recom-
bination of *OH radicals is low and the radicals react with
4-1PP. The degradation of 4-IPP appears to be linked to
the hydrogen peroxide formation. In the absence of the
substrate, *OH radicals combine to produce hydrogen per-
oxide. Thus, the hydrogen peroxide measurement during
acoustic cavitation is a method that can be used to estimate
the ‘OH radicals released by the bubble at determined
sonochemical conditions.

From Fig. 2, it can be observed that there was no pro-
portionality because hydrogen peroxide was produced
from the recombination of ‘OH radicals that do not
encounter the target molecule at the interface of the bubble
and from perhydroxyl radical (HOO) combination at the
interface of the bubble. The rate of hydrogen peroxide pro-
duction in the absence of 4-IPP was 4.9 +0.5uM min ',
but that corresponding to the plateau in Fig. 2 was 2.8 +
0.3pMmin~" corresponding to a production rate of *OH
radicals of 5.6 4 0.3 uM min~'. Maximum degradation rate
was obtained when all the ‘OH radicals were scavenged
by the substrate. At higher substrate concentrations
(100 and 200mgL~"), 4-IPP initial degradation rate
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(4.9 £0.5uM min~') was approximately similar to that of
the formation of *OH radicals (5.6 + 0.3 pM min ).

In order to explain the local reaction zone in the
interfacial region of cavitation bubbles, where 4-IPP was
destroyed by high concentration of ‘OH radicals, a
heterogeneous kinetics model based on a Langmuir type
mechanism was applied (37). This model is given by the
following equation (37):

k K C4_rpp

r=—————
1+ K Cy_1pp

(6)

where r is the initial degradation rate (M min~"), k is the
pseudo-rate constant (M min "), K is the equilibrium con-
stant (M~ 1), and C, (M) is the 4-IPP initial concentration.

The sonolytic degradation data was analyzed by a
nonlinear curve-fitting analysis method, using Microcal™
Origin®™ software, to fit the kinetic model. The value of the
model parameters are 23.715+2.064mM ™' and 4.793 +
0.091 yM min~! for the equilibrium constant (K) and the
pseudo-rate constant (k), respectively. An excellent descrip-
tion of the sonolytic destruction of 4-IPP was obtained by
the used model as shown in Fig. 3. These results indicate
that the sonochemical degradation of 4-IPP occurs mainly
at the interfacial region of cavitation bubbles by hydroxyl
radical attack.

Effect of Bicarbonate Concentration on 4-1PP
Degradation

Ultrasonic degradation of 4-IPP was studied in the
presence of various concentrations of bicarbonate

£
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c
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E 2 1
[
o
s
£
g * l
<
o 1 1
0 0.5 1 1.5
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FIG. 3. Comparison of experimental and predicted initial degradation
rates at various initial concentrations of 4-IPP.

(30-1000mg L' of NaHCOs3). The pH of 4-IPP solutions
will be imposed by bicarbonate ion that is an amphoteric
substance and, in all the used concentration range, the
solution pH was around 8.3. The effect of bicarbonate con-
centration on the sonochemical degradation of 4-IPP at
various initial substrate concentrations ranging from
10pugL™" to 100mgL~" was investigated. The obtained
results for three different concentrations of 4-IPP
(10pgL~',0.1 and 1 mg L") are shown in Fig. 4. At a con-
centration of 4-IPP of 1 mgL™", addition of bicarbonate
ion had no significant effect on the degradation rate of
4-IPP. At lower 4-IPP concentrations, the rate of 4-IPP
decomposition was significantly improved by the addition
of bicarbonate. For the lowest 4-IPP concentration, the
initial rate of degradation in presence of 1000mgL~" of
NaHCO;j; is 4.4 times greater than that without bicarbon-
ate. The improvement of 4-IPP destruction is due to the
formation of the carbonate radical (reaction (7)), which
may react more effectively than the *OH radical with sub-
strate molecules.

Bicarbonate ions react with hydroxyl radicals with
second-order rate constant of 8.5 x 10°M~!s~! (38). This
reaction leads to the formation of the carbonate radical
(COy) (reaction (7)). For many years, by analogy to the
carbonate and bicarbonate anions, it was assumed that this
radical normally exists as the protonated form (HCO3) in
the neutral to basic pH range, but it is now firmly estab-
lished that no protonation of COj (reaction (8)) could
be observed in the pH range of 0-10 (39), which leaves
COy as the only relevant carbonate radical species to be
considered in this study. This radical is a strong
one-electron oxidant (1.78 (40) and 1.59V (41) vs. SHE
at pH 7.0 and 12.5 respectively).

HCO; +'OH — CO3 + H,0
ks = 8.5 x 10°M 157! (7)

HCO; — COy +H"™ pKa <0 (8)

From Fig. 4, it was also observed that as the concen-
tration of 4-IPP increases, the intensification effect of
bicarbonate ions decreases. Additionally, for 4-IPP concen-
trations higher than 1 mg L™! (figure not shown), bicarbon-
ate ions had a slightly negative effect on the removal of
4-1PP. Thus, the enhancement of 4-IPP degradation in
aqueous solutions containing bicarbonate occurs only at
low 4-IPP concentrations.

The presence of salts during sonication of aqueous solu-
tions may induce a salting out effect that pushes organic
pollutants toward the bubble-bulk solution interface and,
therefore, leads to a higher degradation rate. Additionally,
the addition of salts may increase the hydrophobicity, the
surface tension, and ionic strength of the aqueous phase
and decrease the vapor pressure (30). All these factors help
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FIG. 4. Effect of bicarbonate concentration on the sonochemical degradation of 4-IPP at various initial concentrations (conditions—Frequency:

278 kHz; power: 80 W; volume: 300 mL; pH: 8.3; temperature: 20 + 1°C).

in collapsing of the bubbles more violently, resulting in
high degradation of the substrate for all the tested 4-IPP
concentrations. This was not true in the present work
because the addition of bicarbonate had a negative effect
on the destruction rate for higher 4-IPP concentrations.
Moreover, the addition of sodium sulfate in the same con-
centration range (30-1000mgL~") had no significant
impact on the degradation rate that excludes salting effect.

The enhancement of the degradation rates observed for
the lower concentrations of 4-IPP should involve the
presence of the carbonate radical (CO3 ) coming from the
reaction of bicarbonate ion with *‘OH diffused from
the cavitation bubble. For a lower concentration of
4-1PP, the combination of *‘OH radical (reaction (9),
kio=5.5%10°M~'s7!) is dominant, but in the presence
of bicarbonate, the formation of CO; radical that is less
reactive than *OH radical, minimizing the combination of
COj that decays by reacting with itself according to

reaction (10) or (11) (kyo,11 =2 % 10’M~'s™1). The substi-
tution of *OH with CO35 could enhance degradation if
the latter, although less reactive than ‘OH, undergoes
radical-radical recombination at a lesser extent than the
hydroxyl radical. The combination of ‘OH is known to
be 275 times higher than that of the reaction of CO3 with
itself.

‘OH +'OH — H,0, ky=55x10°M"'s! (9)

COy + COy « C,0F — CO;™ +CO,
kip=2x10"M 57! (10)

COy + €Oy ™9 2¢0, + HO; +OH"
kip=2x10"M's! (11)
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At higher 4-IPP concentrations, the slight negative effect
of bicarbonate ions on the rate of substrate destruction
may be due to the much slower formation of carbonate
radical, because of the differences of the reaction rate. In
this case, the *OH radicals generated in the bubble, which
can diffuse into the bulk solution are intercepted by
4-IPP molecules. However, the presence of inorganic salts
could have a minor detrimental effect on the phenomenon
of cavitation. Taking into account the results of the present
work, it can be concluded that the addition of bicarbonate
had a significant concentration dependant effect on the rate
of degradation at lower 4-IPP concentrations. The lower
the concentration of 4-IPP is, the higher the positive effect
of bicarbonate ions on the destruction rate is.

4-1PP Degradation in Sucrose Solution

Influence of sucrose on the sonolytic degradation of
4-IPP solution at 10pugL~! was studied. Addition of
sucrose as an organic matrix, in the range
100-1000mg L', for an identical pH (6.5) had no signifi-
cant effect on the degradation rate of 4-IPP (Fig. 5). This
behavior is due to the very low Henry’s law constant
(4.47 x 107> atm m’mol™") of sucrose compared to that
of 4-IPP (1.09 x 10~ °atm m®mol~'). Additionally, sucrose
has a very high solubility in water (2.12 x 10°mgL~") and
extremely low octanol/water partition coefficient (log
Kow=—13.7) in comparison with those of 4-IPP (water
solubility =1.10 x 10°mg L', log Kow =2.9). Therefore,
because the degradation of 4-IPP takes place at the inter-
face of the cavitation bubbles by ‘OH radicals generated

1 T
—*—0 mg L" sucrose
—°—100 mg L™ sucrose
0.8 - ®— 500 mg L™ sucrose )
51000 mg L™ sucrose
0.6 - nl
o
o
04 - b
0.2 b
o
{1
o 1 1 1
0 5 10 15 20

Time (min)

FIG. 5. Effect of sucrose on the sonochemical degradation of 4-IPP at
10pgL~" (conditions—Frequency: 278kHz; power: 80W; volume:
300 mL; pH: natural (6.5); temperature: 20 £+ 1°C).

1w
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—=—1000mg L" NaHCO_ + 500 mg L™ sucrose

0.6 *—1000 mg L' NaHCO3 + 1000 mg L™ sucrose

cic

04 ]

0.2 ]

—
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FIG. 6. Effect of sucrose on the sonochemical degradation of 4-IPP at
10pgL™" in the presence of 1000mgL~' of NaHCO; (conditions—
Frequency: 278 kHz; power: 80 W; volume: 300 mL; pH: 8.3; temperature:
20+ 1°C).

by ultrasound, the destruction of 4-IPP was not influenced
by sucrose that cannot be accumulated in the bubble-liquid
bulk interface. These results confirmed the significance of
interfacial reactions in the destruction pathway of 4-1PP
by hydroxyl radicals.

The sonolytic degradation of 4-IPP solution containing
bicarbonate ions was investigated in the presence of
sucrose (Fig. 6). It was observed that the enhancement
effect of bicarbonate on the sonolytic degradation of the
substrate was diminished in the presence of sucrose, but
it is faster than that obtained in the absence of bicarbonate
(control). Thus, the degradation by carbonate radical
occurring in the solution bulk is slowed down in the pres-
ence of sucrose by scavenging carbonate radicals in the
liquid bulk. Finally, the degree of scavenging of sucrose
was much larger in the presence of carbonate radical than
hydroxyl radical, showing the significance of interfacial
reactions in the destruction pathway of 4-IPP by hydroxyl
radical, while the degradation by carbonate radical occurs
in the liquid bulk.

CONCLUSION

This work demonstrates the potential of ultrasonic
irradiation for the removal of endocrine disrupting pol-
lutant 4-IPP, even in complex matrices: bicarbonate ion
as inorganic matrix and sucrose as organic competitor.

The initial concentrations of 4-IPP were varied from
SpugL™" to 200mgL™" to analyze the reaction kinetics.
The degradation rate increases with increasing initial
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4-IPP concentration up to a plateau at 100mgL~'. These
results were reasonably well explained with a Langmuir
type mechanism.

At low 4-1PP concentration, the destruction of the pol-
lutant in the presence of bicarbonate ions is drastically
intensified because of the formation of carbonate radical
resulting from the reaction of ultrasonically generated
hydroxyl radical with bicarbonate ion. Degradation
improvement occurs because carbonate radicals sono-
chemically formed on the surface of the collapsing cavi-
tation bubbles undergo radical-radical recombination at a
lesser extent than hydroxyl radicals. The generated carbon-
ate radicals are likely able to migrate from the cavitation
bubbles towards the bulk of the solution to degrade the
pollutant.

In the presence of a large excess of sucrose as organic
competitor, the sonochemical degradation of 4-IPP at
low concentration, occurring mainly through reactions
with hydroxyl radicals, was not affected. In the presence
of bicarbonate, the degradation by carbonate radical tak-
ing place in the solution bulk was slowed down in the pres-
ence of sucrose by scavenging carbonate radicals in the
liquid bulk. The degree of scavenging of sucrose was much
larger in the presence of the carbonate radical than
hydroxyl radical. Therefore, ultrasonic treatment repre-
sents a very interesting AOP for the removal of 4-IPP in
complex matrices.
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