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Abstract

The efficacy of sonochemical reactors in chemicakgssing applications has been
well established in the laboratory scale of operatihough at a given set of operating
parameters and no efforts have been directed mstesf maximizing the free radical
production. In the present work, the effect ofatiént operating parameters viz. pH, power
dissipation into the system, effect of additiveshsas air, haloalkanes, titanium dioxide, iron
and oxygen on the extent of hydroxyl radical forioratin a sonochemical reactor have been
investigated using salicylic acid dosimetry. Pblesimechanisms for oxidation of salicylic
acid in the presence of different additives haw® ddeen established. It has been observed
that acidic conditions under optimized power dia8gn in the presence of iron powder and
oxygen result in maximum liberation of hydroxyl reals as quantified by the kinetic rate
constant for production of 2,5- and 2,3-dihydroxybaic acid. The study has enabled the
optimisation of the conditions for maximum efficaof sonochemical reactors where free

radical attack is the controlling mechanism for themical processing applications.
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1 Introduction

The underlying mechanism in the successful apphicadf sonochemical reactors in
different chemical processing applications suclelemmical synthesis, wastewater treatment
etc. has been the cavitation phenomena resultitigeigeneration of highly reactive hydroxyl
radicals and local hotspots (high temperature aadspire). There have been many reports in
the literature illustrating the use of sonochemieslctors for different applications and the
aim has been to investigate the effect of sevepalaiing parameters such as frequency of
irradiation, power dissipation into the systemtiaiiconcentration of the substrate, presence
of dissolved species etc. on the effectivenesshefgonochemical reactors specific for a
particular application under consideration [1-7]The data thus reported cannot be
generalized and engineers cannot use the datalyela the efficient design and operation
of sonochemical reactors. To overcome this paucftydesign-related information, the
present work has been specifically directed towasdablishing the optimum set of operating
parameters for maximizing the hydroxyl radical proibn rate in sonochemical reactors.
The data presented in this work is generally apple to all cases where the driving
mechanism is free radical attack and may also hmllqgvalid for situations where the
governing mechanism is pyrolysis since the amounfree radicals generated and the
magnitude of the temperature/pressure pulse pradincthe system are inter-related though
may not be governed by a one to one correspondence.

Salicylic acid dosimetry, i.e. monitoring the hyrlytation of salicylic acid, has been
used as the tool to quantify the extent of hydroagical production rate and hence compare
the efficacy of a sonochemical reactor under déffiéroperating parameters. The dosimetry
based on salicylic acid is very specific, meanihgt the reaction products are exclusively
caused by the hydroxyl radical oxidation reactiesyally addition of the hydroxyl radical to

the aromatic ring. In these cases, it is commaalg that the hydroxyl radicals have been



trapped and hence the dosimeter can be describedaakcal trap. The reaction products of
salicylic acid dosimetry can be determined usingLERvith greater sensitivity than the
spectrophotometrical measurements used with icahdeFricke dosimeter [8].

Apart from optimizing the possible reaction opergticonditions such as power
dissipated into the system (frequency of irradratis also another possible optimization
parameter which cannot be varied in the presen¢ cage to restriction on the type of
equipment) and pH, the effect of different addiives also been explored. The basis for the
selection of these additives has been the facttleapresence of dissolved species and/or
solid particles act as possible nuclei for cawtatresulting in an increase in the overall
cavitational intensity. The effect of the present@on powder has also been investigated to
possibly quantify the effectiveness of the combioeération of the acoustic cavitation and

Fenton type oxidation mechanism.

2. Materials and methods

All experiments were carried out in a 300 mL glasaker and sonicated using an
ultrasonic probe (Cole-Parmer, UK) having a tipnaiééer of 1 cm operated at a frequency of
20 kHz with maximum power dissipation of 400W. Toeerating amplitude for power
dissipation was selected as 50% (supplied poweR@3FW with calorimetric transfer
efficiency of 32.5% i.e. actual dissipated poweoithe solution and hence available for
cavitation events is 65W), which is the maximumilade based on the ratings of the
equipment. Preliminary studies indicated that elk&ent of liberation of hydroxyl radicals
was directly proportional to the magnitude of powsipation and hence the highest levels
were selected for the experiments. Salicylic atmtk solution (0.5mM) was prepared in

deionised water and, for all the experiments, toekssolution (200 mL) was subjected to



sonication under different experimental conditiofiie reaction temperature was maintained
at 23t2°C by immersing the reactor into an ice bath.

The concentrations of the salicylic acid and itdroxylated products were quantified
by using, high performance liquid chromatography(ld, WATERS 1575 Binary HPLC
Pump with 717 plus Auto sampler and 2487 DhaRbsorbance Detector/2475 Mulk
Fluorescence Detector). Initially calibration cwsvdéor dependency of peak area on
concentration were established with standard swiatiof salicylic acid as well as its
hydroxylated products, 2,3-DHB and 2,5-DHB. Thenpkes were collected every 30 min
and filtered before analysis. Concentrations attants as well as the reaction products were
then established using the calibration curves.htukl be noted here that in addition to
hydroxylated products, some traces of chlorinatextiycts, in the case of chloroalkanes as
additives, were also observed.

The effect of varying pH (operating range of 4.21t9, the presence of air (from a
fish tank aerator), haloalkanes (dichloromethartedmoroform at concentrations of 0.5% by
volume), TiQ (0.5% by weight), iron powder (0.3% by weight) atiet introduction of
oxygen on the extent of production of hydroxyl adé as quantified by monitoring the

generation of the hydroxylated products (2,3-DHH arb-DHB) has been studied.

3. Results and discussion

The most plausible mechanism for the oxidationaticglic acid (given in Figure 1)
indicates the production of 2,3-DHB and 2,5-DHBhw#ome traces of catechol [9]. The
identification of the reaction products, as moratbrusing HPLC, indicated a continuous
increase in the extent of generation of 2,3-DHB 2/idDHB. A sample profile is shown in
figure 2, which indicates that generation of th& RHB isomer is more favoured under the

action of ultrasound alone, which is unlike themal distribution observed with salicylic



acid oxidation using Fenton oxidation where 2,5-DidBmer is more preferred [10]. It is
known that many parameters such as type of oxiglggrecess, the presence of metals, time
of oxidation, oxygen etc. control the distributiof the two isomers [11-12]. Hydrogen
peroxide can also possibly form in the system duthé¢ recombination reaction of the free
radicals though it has not been accounted for stheemajor focus of the work was to
qguantify the intensification of hydroxyl radical quuction due to the use of different
additives, which is aptly reflected by the magnéwaf the hydroxylated products. A detailed
discussion in terms of the dependency of the Oistion of the isomers has also been dealt in
details in subsequent sections.

3.1 Effect of operating pH:

The effect of operating pH on the rate constantgeneration of 2,3-DHB (major
product of salicylic acid oxidation) is shown irgkre 3. It can be seen from the figure, that
lower pH (acidic conditions) results in higher sat# conversion of salicylic acid as indicated
by higher kinetic rate constants for both the hygltated products. The extent of
disappearance of salicylic acid also showed simitands in terms of higher rate of
disappearance at lower operating pH. Quantitatjviblg rate constant for generation of 2,3-
DHB reduced by about 15% with an increase in pkhfrb2 to 7.2 and further by about 20%
when pH was increased to 11 indicating almost lirdspendency of the rate constant on
operating pH. It should be noted that althoughdués not have any direct effect on the
cavitational intensity in terms of the number o¥itation events or the pressure/temperature
generated due to cavity collapse, lower pH i.ediactonditions helps to increase the
concentration of the hydrophobic salicylic acidre bubble interface leading to exposure of
a higher quantum of the salicylic acid to the cauilg conditions. Thus, higher rates of
oxidation of salicylic acid are expected as indidaby an increase in the rate constant of 2,3-

DHB generation at lower operating pH. Similar tesuin terms of higher efficiency of



sonochemical reactors for degradation of hydrophobimpounds at acidic conditions, have
been reported in the literature [2,13]. As a reslllfurther experiments were performed at
this optimum pH of 4.2. It should be also notedehinat the pKa value of the reactant also
plays a major role in deciding the effect of pH.eutlal species and ionic species have
different affinity towards cavitating bubbles anehice depending on the nature of the species
(hydrophobic or hydrophilic), the operating pH nedd be selected so as to facilitate easy
transfer of the reacting species at the zone @ns# cavitating conditions [14,15]. In the
present case, however, since all the operatingists above the pKa value for salicylic acid
(2.97 is the pKa value whereas the pH was variethenrange 4.2 to 11), the effect of
hydrophobic/hydrophilic nature of neutral or iosjeecies is not applicable.

3.2 Effect of Air:

The presence of air bubbles in the system provatkstional nuclei by virtue of
heterogeneity resulting in an increase in the sitgnof cavitation (increased number of
cavitation events as compared to the absence dilibgb this was also visually observed
during the experimentation), which should lead moircrease in the amount of hydroxyl
radicals generated in the reactor. Air was intreduasing a fish tank aerator at very low
flow rates. Due to the presence of air, the ratestant for the production of 2,3-DHB
increased from 0.0504m/min to 0.0628:m/min with a similar increase in the rate constant
for 2,5-DHB from 0.022um/min to 0.029um/min (results not shown). Similar results have
been reported by Gogat¢eal. [16] for formic acid degradation and as highes §aw rates
were found to be detrimental for the ultrasonicrhtype reactors possibly due to cushioning
effect of the higher concentrations of air, in iresent work, higher gas flow rates were not
utilised in the current experiments. Using highewfrates of air possibly also could result in

the formation of a blanket of bubbles in the imnagglivicinity of the transducer surface



thereby minimizing the transfer of energy into gystem. Thus, it can be concluded that
using air at very low flow rates results in intdmsition of the hydroxyl radical generation.
3.3 Effect of TiO,

The presence of solid particles again providestiaddl nuclei for generation of
cavities and hence should result in an increagbdrcavitational intensity leading to better
sonochemical effects. With this aim, the effecttloé presence of TiOparticles at low
loading of 1 g/L (again a higher loading of solidrgicles interferes in the effective
transmission of the incident sound waves leadintpteer energy dissipation rates) on the
extent of oxidation of salicylic acid has been stgated. It has been observed that the rate
constant for formation of 2,3-DHB marginally incseda from 0.0504um/min to 0.053
pm/min though the rate constant for 2,5-DHB generaincreased from 0.022m/min to
0.0307 um/min. The change in the distribution of 2,3-DHBda2,5-DHB (ratio of rate
constants was 1.75 in the presence of;Ip@rticles as compared to 2.29 in its absence) can
possibly be attributed to the fact that the higmasmtration of hydroxyl radicals in the
presence of catalyst (solid surface facilitatingatled state of reactants) leads to selective
attack at the 5-position as compared to the 3-posfossibly due to steric hindrance of the
carboxyl group in the latter case. The overaltéase in the conversion of salicylic acid due
to the presence of TiOparticles (hypothesis of higher cavitational irsiéyn due to the
presence solid particles) can be given credencktdrature reports. Kubet al.[5] have
shown that the degradation efficiency of sonochaimieactors increases in the presence of
TiO, particles and, furthermore, the rate constantdigradation of phenol also increases
with a higher loading of Ti@particles. Similar observations have also beeorted in our
earlier work [17] where degradation of formic adids been investigated in a multiple
frequency sonochemical reactor. The use of,@rticles for intensification of cavitational

activity and hence the production of hydroxyl radcis recommended particularly in the



case of wastewater treatment applications wherergigtic effects of sonochemistry and
photocatalytic oxidation are utilized for intensdtion of oxidation [18-19].
3.4 Effect of haloalkanes:

Haloalkanes, such as carbon tetrachloride, hase bheen used as additives for
intensifying sonochemical reactions [20]. In thregent work, the effect of the presence of
dichloromethane and chloroform was investigatedrb@a tetrachloride though more
effective in terms of extent of intensification hasen not used in the present work due to
possible carcinogenic effects and higher degrepodlifition. When both the haloalkanes
were present at concentrations of 0.5% by volumeappreciable increase in the rate
constants for generation of 2,3-DHB was observedreds the rate constant for 2,5-DHB
generation marginally lowered. Experiments wergo gberformed to check whether the
observed trend was dependent on pH or on the ctatien of salicylic acid and the results
indicated that for all the combinations, the presenf haloalkanes did not result in any
increase in the oxidation rates of salicylic acil.possible explanation of this observation
can be obtained from the fact that these haloatkéeég more volatile result in generation
of more vaporous cavities, which collapse with lowavitational intensity as indicated by
the energy analysis of the collapsing cavities [2H careful examination of the reaction
products indicated some traces of chlorinated ptsdun the system. Data on disappearance
of salicylic acid did confirm this fact though tlsbange in the extent of disappearance was
only marginal. This can be attributed to the fdwttCl radicals are also formed in the
system which lead to some chlorination of the attwmang of salicylic acid. However this
reaction is not as effective as hydroxyl radictéhek, at least in the present case of salicylic
acid oxidation. It should be noted that depending tbe reactants under question,
intensification in the overall rate of oxidationncendeed be achieved [20] due to the use of

haloalkanes. Thus, use of haloalkanes for intmagibn of sonochemical reactions is only



recommended when the affinity of the’ @adicals towards the desired reactants is higher
which can be established using preliminary kinstiedies unless data is available in the
literature for specific application under question.

3.5 Effect of iron powder:

Iron powder should increase the number of cavitati events similar to the presence
of TiO, particles by way of providing additional nucleiedto the deformities formed on the
liquid surface. At the same time it is expecteat @ Fenton type mechanism can take place,
by reaction of the iron powder witlm situ generated hydrogen peroxide due to ultrasonic
irradiation, leading to formation of more hydroxgdicals. To quantify these phenomena,
experiments with iron powder were investigated.e Tésults for the formation of 2,5-DHB
and 2,3-DHB for different experimental conditione ahown in figures 4 and 5 where it can
be seen that the rate constant for both 2,5-DHB238eDHB are higher in the presence of
iron powder. Also, the extent of increase is higtmmpared to that observed in the case of
TiO, particles indicating the probable role of Fentgpet chemistry in this instance. It
should be also noted that the ratio of the distiaouof 2,3-DHB to 2,5-DHB formed in the
presence of iron powder is also marginally lowec@®pared to that observed in the absence
of iron powder (2.15 as against 2.29) giving somezlence for the hypothesis given earlier
for the observed effect in the presence of;Ip@rticles.

The combined effect of air and iron powder ha® disen investigated to check
whether the two mechanisms for intensification gfroxyl radical production lead to
synergistic effects. The data are shown in figdresmd 5 and the rate constant for 2,5-DHB
formation increased almost 2.5 times to 0.05&7min whereas the rate constant for 2,3-
DHB, surprisingly, decreased from a value of 0.0%040.0242pum/min. However, the
overall conversion rates of salicylic acid wereagee in the presence of air and iron powder

compared to the absence of both the intensifyingrpaters. Whereas the exact mechanism
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behind the alteration of the distribution of theotwsomers is not evident, it is possibly
attributed to the role of the Fenton type mechanssomg with adsorption of the reactants
onto the solid iron surface. The presence of axida the form of air in combination with
Fenton chemistry might also play some role in adtethe distribution of the isomers. To
conclusively establish the role of oxidants, soméiteonal experiments have been performed
in the presence of oxygen (higher oxidative cajtedslas compared to air) and the data are
also reported in figures 4 and 5. It can be shanhthe rate constant for 2,5-DHB generation
increased by almost 5 times whereas the rate gunfta2,3-DHB increased by almost 2
times as compared to the absence of both oxygenramgpowder. This again gives some
credence to the fact that more oxidative capadsliind higher concentration of free radicals
favours the formation of 2,5-DHB isomer as compai®dhe 2,3-DHB. Considering the
overall conversion of salicylic acid, the presenexygen and iron powder was found to

give three times higher rates as compared to teerae of both oxygen and iron powder.

4, Conclusions
Optimization studies related to the effect of difet operating parameters on
intensifying the extent of generation of hydroxydicals have lead to the following
important design related information:
1. Acidic conditions with higher power dissipation & results in a greater amount
of hydroxyl radical generation.
2. The presence of air at low flow rates results tensification in the cavitational
activity and hence the rate of hydroxyl radical g@ation is also higher.
3. TiO, also intensifies the cavitational intensity thoughlso alters the mechanism

of the oxidation, possibly by playing some rolghe adsorption of the reactants.
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Haloalkanes, such as dichloromethane and chlorgfdamot increase the extent
of oxidation of salicylic acid. It appears thaetpresence of haloalkanes is the
preferred way of intensification only when the dedisubstrate has more affinity
towards the hydroxyl radicals as compared to théoatkanes and their
degradation products.

Iron powder results inn-situ Fenton type reactions and this, in presence of
oxidants like air or oxygen, further intensifiee trate of generation of hydroxyl
radicals. Interestingly, this also alters the rihsttion of the isomers of DHB

formed.
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Figure 1: Products from the oxidation of salicimd (SA) with HO radicals
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Figure 2: Concentration profile of products frore thydroxylation of salicylic acid under
ultrasonic irradiation alone (Experimental condiBoSA = 0.5 mM, amplitude = 50%,
volume of solution = 200mL, pH =7.2)
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Figure 3: Effect of pH on the formation of 2,3-DHidm salicylic acid in the presence of
ultrasonic irradiation alone (Experimental condisoSA = 0.5 mM, amplitude = 50%,
volume of solution = 200mL)
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Figure 4: Comparison of the formation of 2,5-DHBlandifferent experimental conditions
in the presence of ultrasouadd iron powde{Experimental conditions: SA = 0.5 mM,
amplitude = 50%, volume of solution = 200mL)
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Figure 5: Comparison of the formation of 2,3-DHRlandifferent experimental conditions in the
presence of ultrasound and iron powder (Experimieotaditions: SA = 0.5 mM, amplitude = 50%,
volume of solution = 200mL)
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