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Sonochemical acceleration of persulfate decomposition
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The decomposition kinetics of potassium persulfate in aqueous solution have been investigated using a
radical trapping method. The use of ultrasound was found to markedly accelerate the decomposition so that
the sonochemical process at 25°C occurs at the same rate as the purely thermal reaction at 55°C. The effect
of ultrasound intensity has also been studied and can be used to control the rate of decomposition within

certain limits. Copyright © 1996 Elsevier Science Ltd.
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Introduction

Metal persulfates are commonly used sources of
radicals in aqueous solutions. For example the potas-
sium and ammonium salts are used to initiate polymer-
ization in aqueous and emuls1on systems and also as
relatively mild ox1drzmg agents'? The mechanism of the
thermal decomposition is believed? to involve the sulfate
radical which can abstract a hydrogen from water to give
hydroxyl radicals.

S,08 — 280,
2 SO, + H,0 — HSO; + HO'

Either of the radical species can, in principle, act as an
initiator. However, the decomposmon has a relat1vely
h1gh activation energy*> of around 130kJmol™! and so
is relatively slow at room temperature and acceptable
rates can only be achieved above 50°C. Production of
radicals can also be accelerated by traces of metal salts®
such as Ag, Fe and Cu.

Over the past two decades, the use of high intensity
ultrasound has become a common technique in synthetic
chemistry®™® leading to a branch of chemistry sometimes
termed sonochemistry. Although most commonly used in
heterogeneous systems, a number of homogeneous
reactions' have also been shown to give enhanced
rates and yields under ultrasound. The best known effect
in polymer sonochemistry 1s the cleavage of chains
when irradiated in solution'*!* although more recently,
ultrasound has been applied to polymer synthesis with
some success > including emulsion systems'®

The main effects of sonication are due to cavitation
or the growth and explosive collapse of microscopic
bubbles on a microsecond timescale'®. This can result
in the formation of relatively high concentrations of
radicals due to breakdown of solvent but can also
accelerate the decomposmon of compounds such as
AIBN or benzoyl peroxide®?'. Calculations'® show
that conditions inside the collapsing bubbles simulate
very high temperatures (> 2000K) and pressures
(> 500bar) resulting in the breakdown of solvent.
Reactions in solution can also be enhanced as a result of

* To whom correspondence should be addressed

increased local temperatures in the vicinity of a bubble or
by combination with sonochemically generated inter-
mediates. An additional factor to be considered is that
sonochemical reactions are often more efficient at low
temperature because the solvent has a lower vapour
pressure and higher viscosity so that cavitation is
intensified.

In a very early report, Schumb and Ritner® showed
that the rate of decomposition of potassium persulfate
was increased by ~ 10% during sonication at 8.7 kHz,
although no details of ultrasound conditions were
quoted. More recently, Lorimer et al.?* reported an
increase in the rate of decomposition between 50 and
80°C, although lower temperatures were not studied.
Their work utilized a polarographic method for deter-
mining the amount of persulfate remaining. We have
used an alternative method involving trapping the
generated radicals in order to monitor their rate of
production. In aqueous solution, a suitable trap is N-¢-
butyl-a-phenyl nitrone, TBPN. This method has been
widely and successfully used in sonochemical and other
systems by a number of workers including Riesz**** and
Sridhar er al*®. The work showed that the rate
of addition of radicals to TBPN is extremely rapid
in comparison to the rate of radical production so
that meaningful measurements of the latter can be made.

In connection with other work, we were interested in
using persulfates as oxidizing agents at room tempera-
ture. Also, it was of interest to determine whether
ultrasound could allow the use of persulfates to initiate
polymerization at low temperature in a controlled
manner. This communication therefore briefly describes
the measurement of the decomposition kinetics for
potassium persulfate at several temperatures and ultra-
sonic intensities.

Experimental

Materials. The N-t-butyl-a-phenyl nitrone, TBPN,
was obtained from Sigma. All other reagents and
solvents were of the purest grade available from
Aldrich Ltd. The water used to prepare the solutions
was distilled and purified by ion-exchange.

Sonication procedures. Solutions were contained in a
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250cm’ jacketted beaker. Thermostatted water was
circulated to maintain temperature control to £0.5°C.
A ‘Sonics and Materials” VC600 ultrasound horn system
was fitted so that the horn tip was ~ 2cm below the
surface of the solution. The intensity of ultrasound,
measured calorlmetrlcally was 262+ 1.5Wem™ 2.
Blank experiments were carried out in the same
apparatus without switching on the ultrasound but
with magnetlc stirring.

150 cm® of purified water was placed in the beaker and
allowed to reach the required temperature. 0.15g
(5.5 x 10~* mol) of potassium persulfate and a two-fold
excess of TBPN were added and stirred rapidly until
dissolved. A cover was fitted to the beaker and, for the
sonochemical runs, the sonicator switched on. Periodi-
cally, 0.20cm’ of the solutlon was removed using a
syringe and diluted to 25.0 cm® with cold water to quench
the reaction before being analysed on a Perkin Elmer
PE330) u.v. spectrometer. TBPN has a characteristic
absorbance at 287 nm which is removed on reaction with
a radical.

Results and discussion

The rate plots for the consumption of TBPN for the
thermal and sonochemical reactions are shown in Figures
! and 2 respectively. As previously reported, the
processes were first order, confirming that the produc-
tion of radicals was the rate-limiting step. Rate constants
were calculated in the usual manner and are shown in
Table 1. It can be seen that the rates were comparable for
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Figure 1 Rate plot for the consumption of TBPN by the thermal

decomposition of potassium persulfate. Temperature,"C: A, 75: B, 65:
0, 55. @, 35
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Figure 2 Rate plot for the consumption of TBPN by the sonochemical
decomposition of potassium persulfate. Temperature'C: W 75: 0, 65;
®, 55.0,45 A, 350,25
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both processes at ~ 65°C but that the sonochemical rates
were significantly faster at low temperatures. There was
at least a ten-fold increase in the rate constant for radical
production around room temperature. It is well known
that hydroxyl radicals can be produced by the ultrasonic
fragmentation of water**?®. However, under the condi-
tions used here, the rates are much lower than those
measured here and should be negligible (< 0.5%) in
comparison®’. Above 65°C, there was no benefit in using
ultrasound and the rate was slower than that observed
for the thermal process alone. While cavitation will be
much reduced at higher temperatures due to the
relatively high vapour pressure of the water, the reasons
for the reduction in rate are not totally clear but may be
due in part to less efficient mixing in the sonochemical
reactions where no additional extra stirring was used.

An Arrhenius plot of the results is shown in Figure 3.
The thermal process y1elded a value for the activation
energy of 121 +12kJmol™' which is in reasonable
agreement with previous work**. The plot for the
sonochemical decomposition is non-linear and the
apparent activation energy becomes lower as the
temperature is reduced. A number of sonochemical
processes have been found to occur with negative
apparent activation energies as a consequence of
cavitation being more efficient at low temperatures. If
it is assumed that two concurrent processes take place,
the conventional, thermal reaction with a rate constant
ks and the ultrasonic process with a rate k. then the
observed rate constant, k,, will be given by

kobs = kth + kus

Also shown in Figure 3 is the Arrhenius plot for solely the
sonochemical process. The slope is opposite to that for
the overall rate constant and gives an apparent activation

Table 1 First order rate constants for potassium persulfate
decomposition

Rate constant (l() min ")

Temperature oo o - - —
(C) Thermal Sonochemical
25 0.51
35 0.07 0.70
45 1.09
55 0.59 1.67
65 4.37 4.18
75 143 8.99
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Figure 3 Arrhenius plot for the decomposition of potassium
persulfate. B, Absence of ultrasound: [J. presence of ultrasound: @.
difference between presence (A ) and absence (Ay,)
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Figure 4 Rate plot for the consumption of TBPN by the thermal
decomposition of potassium persulfate at 35°C. Ultrasound intensity/
Wem ™ A, 33.2; 0, 49.1: O,26.2; A, 16.8
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Figure S Rate constants (min~") for the decomposition of potassium
persulfate at 35°C as a function of ultrasound intensity

energy of —21.1kJmol™'. The term ‘apparent’ is used
since the physical meaning of a negative activation
energy is uncertain. This value is similar to that for
radical production in methyl methacrylate measured
using a similar technique'.

Figure 4 shows the rate of consumption of TBPN as a
function of the ultrasonic intensity at a constant
temperature of 35°C. As expected, the rate increased at
higher intensities although the effect was much smaller
than that of varying the temperature. As shown in
Figure 5, the rate constant passed through a maximum
value at ~ 33 W cm 2. This feature has been noted® by
several workers for a range of reactions. While a
complete explanation remains unclear, the effect can in
part be attributed to an increase in the intensity
increasing both the number and size of the cavitation
bubbles. The size increase cannot continue indefinitely
since they may become too large to collapse during the
compression cycle of the cavitation process®’. In addi-
tion, the transmission of sound through the liquid may
be perturbed by the large bubble field making cavitation
less efficient.

Conclusion

This work has shown that ultrasound can be used to
significantly accelerate the decomposition of potassium
persulfate. The sonochemical process at 25°C occurs at
the same rate as the purely thermal reaction at 55°C so

that the use of persulfates for initiation or oxidation
around room temperatures becomes viable. Reasonable
control over the rates can be gained by varying the
temperature or intensity although there is an optimum
value of the ultrasound intensity above which no further
benefit can be gained.
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