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Scaled–up sonochemical microreactor with increased
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Bubbles created with ultrasound from artificial microscopic
crevices can improve energy efficiency values for the creation
of radicals; nevertheless it has been conducted so far only un-
der special laboratory conditions. Limited reproducibility of re-
sults and poor energy efficiency are constraints for the so-
nochemistry and ultrasonics community to scale-up applied
chemical processes. For the first time, using conventional ultra-
sonic bath technology, the numbering-up and scale-up of a mi-
crofluidic sonochemical reactor has been achieved. Sono-
chemical effects such as radical production and
sonochemiluminescence were intensified by the modification
of the inner walls of a novel Cavitation Intensification Bag.
While 25 times bigger than the previous microreactor, a reduc-
tion of 22 % in standard deviation and an increase of 45.1 % in
efficiency compared to bags without pits were obtained. Me-
chanical effects accompanying bubble collapse lead to two dis-
tinct types of erosion marks observed in the bags.

Cavitation, the formation and collapse of bubbles in liquids, has
been used as a green energy-focusing tool to produce chem-
ical effects (notably production of free radicals), enhanced lumi-
nescence, mechanical activation of heterogeneous systems,
physicochemical modifications of inert materials as well as wa-
ter remediation, water splitting, and bioenergy applications.[1]

These effects can all be harnessed in applied domains, from
cleaning to water treatment and nanochemistry. However, a
main barrier for sonochemical and ultrasonic reactors to be uti-

lized for industrial purposes and other uses is the lack of re-
producibility, along with a low energy efficiency.[2]

Employing the same ultrasonic equipment, glassware,
chemicals and experimentalist person, is no guarantee that the
standard deviations of an expected result will be small. This
lack of reproducibility is because creating bubbles with ultra-
sound closely resembles a stochastic process, depending on
physical-chemical factors difficult to control at once.[3] The first
is the nucleation sites from which bubbles are created. Once
bubbles are nucleated, liquid-gas concentration, frequency and
amplitude of ultrasound signal, etc. have a significant influence
on the overall cavitation process. These parameters influence
the “unitary” reactor that a bubble itself represents, and de-
termine the generation of plasma conditions, sonolumi-
nescence, shockwaves, jetting, and radical production, upon
collapse.[4] Despite all these useful phenomena available at am-
bient pressure and room temperature, industrial applications
have been hindered due to a meager ~10�6-10�5 (kg/kJ) energy
efficiency of cavitation reactors.[5]

The present work is motivated by the challenge in scaling-
up a microfluidic sonochemical reactor while increasing its re-
sults reproducibility.[6] The energy efficiency of that system was
calculated as the product of radical formation rate and the en-
ergy required for the formation of OH. radicals divided by the
electric power absorbed by the transducer. With only three
small artificial bubble nucleation sites (crevices, pits), 10 times
higher energy efficiencies were reached.[7] Nevertheless, the to-
tal radical production was limited to a volume of ~250 mL, far
from interesting for large scale uses. Other ways to influence
cavitation have also been reviewed in literature.[8]

We present a novel sonochemical reactor concept, the Cav-
itation Intensification Bag (CIB),[9] which has pits indented onto
the inner surface of a plastic bag. When liquid is added and the
bag is placed inside an ultrasonic bath, the 900 � 30 pits allow
for intensification of the amount of cavitation in a well-defined
manner. In Figure 1a clusters of bubbles can be seen to origi-
nate from the pits upon exposure to ultrasound. Some of the
clusters are found to interact with the CIB walls and other clus-
ters, forming distinct patterns.

Sonochemiluminescence is widely used to demonstrate lo-
cal radical creation.[10] The OH* radicals produced by cavitation
react with luminol in solution, giving blue light. In Figure 1b,
intense blue areas can be observed connected to the regular
indentation pattern on the CIB surface. The light intensity cor-
responds with higher radical production zones inside the CIB.
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Terephthalic acid dosimetry was used for quantification of
the radicals produced inside the CIB and inside bags without
pits (see Supporting Information).[5] After 5 minutes inside the
CIB, the amount of radicals produced had increased with 33 %
and the scattering of the data was reduced with 22 % com-
pared to bags without pits (Figure 2); an evidence of improved

reproducibility of sonochemistry. The production of radicals in-
creases with time, and this increase is even faster for bags with
pits than without pits. After 15 minutes, the amount of radicals

produced is increased by up to 133 % compared to bags with-
out pits. The reaction rate decreases with time (Figure 3).

For bags without pits, the amount of radicals produced is
similar for both bag materials poly-propylene (PP) and poly-
ethylene (PE). When comparing bags with pits, PP bags pro-
duce 3 times more radicals than PE bag. We expect this to be
due to the different production methods of PP and PE bags,
resulting in different pit geometries. Reuse of the bag (after
cleaning with milliQ water and drying with pressurized nitro-
gen) resulted in 15 % higher spreading of the amount of radi-
cals produced. In some cases the production of radicals surpris-
ingly increased compared to new bags; possibly due to the fact
that, despite cleaning thoroughly the interior of all bags, some
residues might still exist that alters the measured value; for this
reason, new bags should be used for highest reproducibility.

Comparing results of sonochemical and ultrasonic studies
in literature is a difficult challenge because of the variety in
equipment, settings and parameters. We chose power density
(W/L), frequency and pressure values of ultrasound. Two ultra-
sonic baths operating at 35 kHz (24.2 W/L) and at 45 kHz (33.3
W/L) were used, corresponding to a 37.7 % difference in power
density. We found that up to 117 % more radicals are produced
at higher frequency and power, in accordance with literature.[11]

In order to compare the radical production in the CIB with oth-
er systems, the pressure amplitude at the location of the CIB
inside the ultrasonic baths was measured. Using a hydrophone
calibrated at 39 KHz, the pressure was found to be around 364
kPa in the large ultrasonic bath, and up to 427 KPa in the small
ultrasonic bath, with an uncertainty in the pressure amplitude
of 24 %. The 50 mm thick bags allow for 79.4-86.0 % of the ultra-
sound to be transmitted to the contained liquid.

Compared to the radical production rate of 10�2 mM s�1 in
the microfluidic sonochemical reactor of previous studies, the
CIB bags produce radicals at a rate one order of magnitude
smaller, despite having 300 times more pits. Following a meth-
odology described previously,[6] we calculated the energy effi-
ciency for the bags with and without pits, taking into account
the radical production rate within the 5 mL of liquid inside the
bags, after 5 minutes of sonication. We found that the system
as a whole has an efficiency on the order of 10�8 to 10�7 (Ta-
ble 1), not taking into account radicals formed outside the CIB.

Figure 1. (left) Photograph of bubble clouds inside a CIB; (right) sonochemi-
luminescence (blue) inside a CIB. The arrow indicates the bubble clouds orig-
inating from the pits; the scale bar represents 5 mm.

Figure 3. (a) Radical production in bags with/without pits, as a function of time and for a large and a small ultrasonic bath (Bath 1 and 2, respectively). (b) Rate
of radical production.

Figure 2. Radical production after 5 min sonication measured on two differ-
ent days (different colors) in bags with/without pits. The average concen-
tration value is higher for the case with pits, and the dispersion in ex-
perimental results is drastically reduced compared to the case of no pits.
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The CIB contributes to an increase of the efficiency up to 45.1 %
compared to bags without pits. However, the absolute effi-
ciency is low even compared to standard ultrasound reactors,
which is due to the fact that the ultrasonic baths dissipate the
acoustic energy throughout the bath volume and not just the
bag volume. When we correct the ultrasonic power by re-
ducing it by the ratio of bag volume to bath volume, we find
efficiencies up to 4.7 3 10�5. Here we assumed that the ultra-
sonic energy is distributed equally throughout the bath vol-
ume, which is not the case in practice – therefore the esti-
mated efficiency may even be underestimated. This result
shows that we not only scaled up the microreactor 25 times,
but also achieved a potential five-fold increase of its efficiency.
The presence of pits inside the CIB contributes to cavitation in
places that otherwise would have had no radical production, as
shown in Figure 1 and Supporting Information movie 1. This is
a verification that pits on the walls of sonochemical reactors
serve as process intensification tool.

After exposure to ultrasound for 15 minutes we observed
inside some CIBs characteristic sub-millimeter white spots in
random locations (Supporting Information Figure S1). We de-
note type A those found on places in the proximity of the pits,
and the erosion type B as those shapes distant from the pits,
which resemble erosion observed in previous studies with sili-
con substrates. We have no evidence that this type of erosion
in the bag walls could serve as new nucleation sites. Images
taken with Scanning Electron Microscopy show two distinct
types of surface topography (Figure 4). Erosion type A con-
sisted of distinct patterns of small pits (diameter on the order
of 1 mm) in the plastic surface. The patterns originated from
one to four adjoining pits, and may be a material fatigue effect
due to the frequent collapse of bubbles.[7] Erosion type B con-
sisted of larger areas of about 100 mm in diameter exhibiting
plastic deformation, with protruding or recessed features on
the surface. We hypothesize that these features appear when
the walls of the CIB touch each other. A bubble (or cluster of
bubbles) may locally heat up the plastic, thereby melting the
two walls together. Sometimes a small force was required to
open the CIB after use, indicating that the walls indeed bond-
ed. This interesting observation indicates the existance of ‘hot
zones’ generated by bubbles active for several minutes on spe-
cific zones. In these ‘hot zones’, the temperature is higher than
the average bath temperature (below 299 K), but much lower
than the temperatures at the bubble interior during collapse

(more than 5000 K). Commer-
cial grades of polyethylene
melting point are reported
around 400 K; further inves-
tigations will be needed to ver-
ify if at those particular spots
the local temperature of the
liquid might have reached the
melting point. Other studies
have looked into oxidation and
other effects on polymers (PE)
exposed to ultrasound and also
reported microscopic effects.

Penetration of oxidation was found within 1 mm of the surface
depth, yet the amount of radicals produced could not fully ex-
plain the enhanced oxidation and modifications of the surface.
It was speculated on how bubble collapses can produce local
heating and surface deformations, although polymer chain
breakage could not be detected.[12] Future studies in this direc-
tion can be helpful in the activation of inert polymers.

We conclude that the reproducibility of sonochemical proc-
esses, particularly radical production, can be improved with ar-
tificial nucleation sites. Using conventional ultrasonic equip-
ment and procedures, a sonochemical microreactor was scaled-
up allowing for processing 25 times more volume with a po-
tential five-fold increase in efficiency. While the current soni-
cated volumes are still low for industrial processes, it provides
insight on how to scale-up microreactors, and is a necessary
step for future sonochemical efficiency and reproducibility im-
provements.
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Figure 4. SEM images of the two types of erosion: type A (top two panels) consisting of small erosion pits, and type B (bottom two panels) featuring large
deformations.
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