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A B S T R A C T   

For the very first time, the effect of frequency on the piezocatalytic degradation of dyes has been systematically 
evaluated. To achieve this, a combination of systems and experimental setups operating at different ultrasonic 
frequencies ranging from 20 kHz up to 1 MHz were used. In addition, the effect of ultrasonic power was 
investigated at a low ultrasonic frequency of 20 kHz and higher ultrasonic frequency of 576 kHz to shed more 
light into the controversial discussion surrounding the ‘true’ mechanisms behind piezocatalysis. The results 
revealed that mechanical effects derived from acoustic cavitation, predominant at lower ultrasonic frequencies 
(<100 kHz), indeed enhanced the piezocatalytic degradation of the dye, Rhodamine B, to some extent (from 53% 
to 64% RhB degradation after 2 h). However, it was again demonstrated that sonochemical production of radicals 
remains a significant contributor for the overall degradation of the dye. Moreover, at higher ultrasonic fre
quencies (>100 kHz), the chemical effects derived from acoustic cavitation were so remarkable, that it raised the 
question of whether a piezocatalyst is really necessary when the optimisation of frequency and power may be 
enough for sonochemistry to fully degrade organic pollutants at a fast rate (pseudo first-order degradation re
action rate constant up to 0.037 min− 1).   

1. Introduction 

Piezocatalysis is a new concept in the field of catalysis that has 
attracted much attention in recent years. This novel area of research is 
considered a promising development within catalysis due to the poten
tial use of renewable and prevalent vibrations such as those from wind 
or tides that could make catalytic reactions independent from energy 
sources like electricity and light [1–8]. Piezocatalysis aims to take 
advantage of piezoelectric materials that have the ability to generate an 
electrical response while being strained or stressed by an external force. 
This external force is commonly applied by a mechanical field (i.e. 
acoustic field generated by ultrasound) [5-7,9-16] surrounding the 
piezoelectric materials, leading to redox reactions occurring over the 
surface of such materials (i.e. piezocatalyst). 

Despite numerous reports on piezocatalytic processes [4,7,11-15, 
17-22], the mechanism of piezocatalysis remains controversial [1,23]. 
In recent years, two very different potential mechanisms have been 
suggested for piezocatalysis [1-4,21-24]. On the one hand, researchers 
have considered energy band theory analogous to photocatalysis, where 
redox reactions occurring at the surface of piezocatalysts are determined 
by the energy band levels from the valence and conduction bands. On 
the other hand, researchers have referred to more classical piezoelec
tricity (either bulk or localised piezoelectric polarisation) where the 
piezoelectric potential is the driving force of chemical reactions at the 
piezocatalyst surface. 

If bulk piezoelectric polarisation resulting from the piezoelectric 
potential was the dominant mechanism behind piezocatalysis (Fig. 1a), 
achieving the maximum piezoelectric polarisation within a 
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piezocatalyst would obviously result in an enhanced performance of the 
process. In general, a piezoelectric material will exhibit a higher 
piezoelectric response when excited at its resonance frequency, or at a 
global resonance frequency of the whole mechanical system [25,26] 
where said piezoelectric material is being used (a piezocatalyst particle 
and a surrounding liquid in the present case). Hence, one would expect a 
higher piezocatalytic effect if a piezocatalyst was excited close to either 
its resonance frequency or a global resonance frequency of the system 
that could result in a high piezoelectric polarisation. However, the vast 
majority of research on piezocatalysis has only used low-power acoustic 
vibrations around 40 kHz [5-7,9-16,27,28] as the main method to me
chanically excite piezocatalysts, far from their resonance frequencies 
(which should be in the MHz order of magnitude) and without consid
eration for global resonance frequencies of the whole mechanical system 
involved. Only recently the research community has started to explore 
the possibility of conducting piezocatalytical processes at different fre
quencies, but with a focus on the low range (<100 kHz) [17]. If piezo
catalysts were truly excited at frequencies close to their resonance 
frequencies or the global resonance frequency of the system (i.e. fre
quencies where a significantly higher degree of bulk piezoelectric 

polarisation could be achieved), one would expect a remarkable 
enhancement of the piezocatalytic behaviour. If this was not the case, 
though, it would confirm the unviability of that proposed mechanism, 
shedding more light onto how piezocatalysis really works. 

As previously reported by the authors [29] and more recently 
confirmed by other researchers [6], other phenomena such as sono
chemistry (Fig. 1c) or sonocatalysis are also likely to occur when 
studying piezocatalysis whenever ultrasound is used to generate an 
acoustic field as the method to excite piezocatalysts, as this will also 
result in the occurrence of acoustic cavitation driving such phenomena. 
These phenomena are also severely influenced by both frequency and 
power of ultrasounds [30–33]. Therefore, the aim of this study is to 
evaluate and understand, from both piezocatalytic and sonochemical 
point of view, the effect that ultrasonic frequency and power have on the 
overall piezocatalytic process to find out whether bulk piezoelectric 
polarisation is really behind piezocatalysis. 

Fig. 1. Illustration of the different mechanisms for the overall piezocatalytic degradation of dyes: a) ‘top-to-bottom’ electric potential difference due to bulk 
polarisation of a piezoelectric particle under stress, b) electric potential difference due to localised polarisation within micro- and nano-structured features of 
piezocatalysts, c) bubble formation, growth and collapse under ultrasound and resulting chemical processes (i.e. sonochemistry). 
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2. Experimental 

2.1. Catalyst preparation and characterisation 

The piezoelectric material (poled potassium bismuth titanate- 
bismuth ferrite lead titanate, BF-KBT-PT) [34,35] and procedure that 
had been previously developed by the authors [29] were again 
employed to fabricate the piezocatalysts used in this study. The reasons 
for choosing this material are several: the source material, when poled, 
is highly piezoelectric (d33 and d31 values of 100 pC/N and − 40 pC/N, 
respectively). Its high coercive stress allows for the maintenance of the 
piezoelectric effect even after applied stress such as grinding and sieving 
into fine particles to make the piezocatalysts (<63 μm)[29]. Focused ion 
beam-scanning electron microscopy (FIB-SEM, Zeiss Crossbeam 550) 
with an energy dispersive X-ray spectrometer (EDS) was used to analyse 
the surface structure and composition, whereas X-ray powder diffraction 
(XRPD) data was collected using a Bruker D8 X-ray powder diffrac
tometer with CuKα-radiation to determine the crystalline structure of 
the BF-KBT-PT catalysts. The presence of the piezoelectric effect in the 
BF-KBT-PT piezocatalysts was proven empirically using a Berlincourt 
metre (APC International) and aligning the unelectroded particles in the 
metre in various orientations. 

2.2. Finite element simulations 

A finite element method model previously developed by the authors 
coupling the acoustic field in the liquid with the vibration of a single 
piezocatalytic particle and its piezoelectric response was used to simu
late BF-KBT-PT piezocatalysts freely suspended in a liquid (i.e. piezo
catalyst/water mechanical system) to investigate their piezoelectric 
response between 20 and 1150 kHz. A detailed explanation of the 
model, its simplifications and advantages over other models employed 
in the literature, as well as the material properties defined, can be found 
in a previous work by the authors [29]. 

2.3. Experimental setups and procedure 

As opposed to the general trend in the field based on the use of small 
reactors up to 100 mL [4,7,8,14,19], all the experiments included in this 
study were conducted in reactors with substantially larger working 
volumes of 500 and 1000 mL containing 5 mg L − 1 Rhodamine B (RhB) 
aqueous solutions. Reactor/ultrasonic transducer position and operating 
parameters were carefully set and controlled, and acoustic power cali
brations of various powers at all frequencies were conducted by the 
standard calorimetric calibration method [36], to ensure reproducibility 
and comparability of experiments carried out in the different experi
mental setups. This included the use of a precise temperature control 
system (Grant LT ecocool 100 recirculating chiller) to provide a constant 
operating temperature of 30 ± 2 ◦C throughout all the RhB degradation 
experiments. Samples of the RhB aqueous solutions (3 mL) were taken 
every 10 min with a 0.22 μm PTFE-syringe-filter. Samples were then 
analysed by ultraviolet–visible spectroscopy (Shimadzu UV-3600 Plus) 
at the characteristic wavelength of 554 nm. In the piezocatalytic 
degradation experiments, 0.001 g mL− 1 of BF-KBT-PT piezocatalysts 
were added to the RhB aqueous solution. To ensure 
adsorption-desorption equilibrium was reached, RhB aqueous solution 
containing the appropriate amount of catalyst were stirred at 200 rpm 
for 30 min. As previously reported, no adsorption nor photocatalytic 
degradation of RhB took place throughout the experiments [29]. 

Additional experiments to confirm previously reported radical 
initiated degradation routes [6,29] at high and low ultrasonic fre
quencies for sonochemical and piezocatalytic degradation of RhB were 
conducted in the presence and absence of BF-KBT-PT piezocatalysts and 
several radical and charge scavengers: 10 mM terephthalic acid (TA), 10 
mM benzoquinone (BQ) and 2 mM ethylenediaminetetraacetic acid 
(EDTA) disodium salt dihydrate, all of high purity (99.5%, 99% and 

99+%, respectively) from ACROS Organics. TA, BQ and EDTA were 
selected due to their role as chemical traps for ●OH [37], ●O2

– [38] and 
h+ [39], respectively. 

2.3.1. Low ultrasonic frequency setups 
An ultrasonic horn (Branson SFX 550) was employed for the exper

iments conducted at 20 kHz (Fig. 2a). The ultrasonic horn was centred 
and immersed to a depth of 4 cm into in a 1000 mL double-jacketed 
batch reactor. Depending on the experimental condition, the acoustic 
power was adjusted and calibrated as follows: 12.4 ± 0.4, 38.1 ± 0.7, 
50.1 ± 0.3, 68.0 ± 0.3 and 89.8 ± 0.4 W L − 1. 

An ultrasonic bath (Ultrawave QS12) was used for the experiments 
carried out at 32-38 kHz (Fig. 2b). A 1000 mL beaker was centred and 
immersed to a depth of 4 cm into the ultrasonic bath with a constant 
water level. The ultrasonic bath was operated at a full calibrated power 
of 12.2 ± 0.4 W L − 1. Prior to each experiment, the water in the ul
trasonic bath was thoroughly degassed for 60 min ensuring a repro
ducible acoustic field inside the bath. 

2.3.2. High ultrasonic frequency setup 
An ultrasonic power multifrequency generator (Meinhard Ultra

sonics) equipped with a 500 mL long-neck flask was used to conduct the 
experiments at 576, 864 and 1142 kHz (Fig. 2c). The power was adjusted 
and calibrated depending on the experimental conditions. The cali
brated acoustic powers were 2.9 ± 0.4, 5.5 ± 0.4, 10.6 ± 0.3, 20.3 ± 0.7 
and 33.7 ± 0.6 W L − 1 at 576 kHz, 11.0 ± 0.6 W L − 1 at 864 kHz and 
10.0 ± 0.7 W L − 1 at 1142 kHz. 

2.3.3. Aluminium foil erosion experiments 
The well-established aluminium foil erosion method [40–43] was 

performed to qualitatively evaluate the intensity of mechanical effects at 
different frequencies and power of 10-12 W L − 1. This method consisted 
of vertically suspending aluminium foil sheets within the reactor part of 
the different experimental setups used in this study. For this purpose, 
customised holders were designed and additive manufactured to secure 
the aluminium foil sheets within the reactors during the experiments. In 
all cases, the aluminium foil sheets were immersed in the sonicated 
solution for 5 min to allow for sufficient erosion of the foil. 

3. Results and discussion 

3.1. Catalyst characterisation 

As reported in a previous work by the authors [29], FIB-SEM analysis 
revealed that the vast majority of BF-KBT-PT piezocatalysts exhibited a 
cuboid morphology with a particle size in the order of 63 μm or smaller 
(Fig. 3a). XRPD data (Fig. 3b) indicated peak splitting in the (200) 
phase; however, peak splitting of the (111) phase was not observed, 
confirming negligible lattice distortion of the rhombohedral phase due 
to the poled nature of the material [34]. XRPD data also confirmed the 
perovskite structure of BF-KBT-PT with no visible secondary phases 
[34]. Empiric piezoelectric analysis of BF-KBT-PT piezocatalysts in 
various random orientations (e.g. − 35, − 42, − 47 or +143 pC/N) 
showed that the ground particles conserved their high piezoelectric 
nature (Fig. 3c). 

3.2. Effect of ultrasonic frequency 

3.2.1. FEM simulations 
FEM simulations of a single BF-KBT-PT piezocatalyst suspended in 

water at ultrasonic frequencies ranging from 15 to 1150 kHz indicated 
the existence of six global resonance frequencies of the piezocatalyst/ 
water mechanical system within the studied range (Fig. 4a): 123, 370, 
618, 864, 1055 and 1111 kHz. In an ideal scenario, these are the fre
quencies the BF-KBT-PT piezocatalysts should be excited at, besides its 
resonance frequency (which would be in the MHz scale). However, in 
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practice, the operating frequencies of ultrasonic systems depend upon 
the piezoceramics used to build the transducers that generate the 
acoustic field within the irradiated liquid, the liquid itself and the final 
geometry of the system [25,26,44]; operating frequencies are therefore 
close to the resonance frequency of the piezoceramics within the 
transducer that allow for its resonance in length mode [45]. For this 
reason, the simulated polarisation experienced by the piezocatalyst at 
the operating frequencies of the ultrasonic systems used in this study 
(20, 35, 576, 864 and 1142 kHz) were further investigated (Fig. 4b-f). 

FEM simulations at 20, 35, 576, 864 and 1142 kHz indicated that, 
out of the five operating frequencies experimentally investigated in this 
study, 864 kHz (i.e. a global resonance frequency) should theoretically 
result in the BF-KBT-PT piezocatalyst achieving the greatest ‘top-to- 
bottom’ electric potential difference of 69.1 V. The minimum theoretical 
potential required for the redox reactions responsible of the piezocata
lytic generation of ●OH and ●O2

– radicals is 2.22 V (oxidation: OH– +

h+→ ●OH, +1.89 V vs SHE [46]; Reduction: O2 + e– → ●O2
– [47]. 

Therefore, this theoretical result would in principle support the occur
rence of bulk piezoelectric polarisation as a mechanism driving the 
piezocatalytic degradation of RhB at 864 kHz via ●OH and ●O2

– radicals 
(Fig. 1a). At 576 and 1142 kHz, ‘top-to-bottom’ electric potential dif
ferences of 0.14 and 0.12 V, respectively, were observed. This would not 
be enough to overcome the minimum of 2.22 V by bulk polarisation, but 
other phenomena such as localised piezoelectric polarisation [48] 
(Fig. 1.b) or sonocatalysis [49] could still occur, resulting in the 
degradation of RhB by the same radicals, but to a lesser extent [29]. The 
latter would also apply to the low frequencies explored in this study, 
although to an even lesser extent, as the lowest ‘top-to-bottom’ electric 
potential difference of 0.08 V was observed for the simulations con
ducted at both 35 and 20 kHz. 

Fig. 2. Experimental setups used in the present study: a) 20 kHz ultrasonic horn setup, b) 32-38 kHz ultrasonic bath setup, c) 576, 864 and 1142 kHz multifrequency 
setup. Key components in all setups: 1) reactor, 2) cooling system inlet, 3) cooling system outlet, 4) thermocouple, 5) ultrasonic source. 

Fig. 3. Material characterisation of BF-KBT-PT piezocatalysts [29]: a) FIB-SEM and EDS, b) XRPD data. c) Schematic of aligned Weiss domains for piezoelec
tric BF-KBT-PT. 
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3.2.2. RhB degradation experiments 
Following the FEM simulations conducted at 20, 35, 576, 864 and 

1142 kHz, one would expect to observe the greatest piezocatalytic effect 
at 864 kHz due to the greatest ‘top-to-bottom’ electric potential differ
ence of 69.1 V observed at that global resonance frequency. However, 
RhB degradation experiments conducted at those same frequencies 
provided a completely different scenario (Fig. 5), even though the ex
periments indeed demonstrated the strong influence that frequency may 
have on the overall degradation of RhB. One reason for the disparity 
between the FEM simulations and the experimental results would be the 
simplifications made in the FEM model [29]: (i) use of 2D geometries 
(instead of 3D), (ii) use of linear acoustics not accounting for 

asymmetrical bubble collapses near the surface of the catalyst, (iii) the 
definition of perfectly smooth surfaces in the solid with no roughness 
that could result in localised piezoelectric polarisation and, especially, 
(iv) the simplified geometry of the domains used (i.e. small portion of 
liquid with a single piezocatalyst instead of the whole reactor with liquid 
and several hundreds or thousands of solid particles suspended in the 
liquid) . Another reason is related the acoustic pressure source defined in 
the FEM simulations (2 bar). Whilst 2 bar reflect a realistic acoustic 
pressure at low ultrasonic frequencies such as the 20 kHz ultrasonic horn 
or the 32-38 kHz ultrasonic bath [50–52], it may be too high for 
state-of-the-art systems operating at higher ultrasonic frequencies. This 
means that it is not possible, with state-of-the-art technology, to conduct 

Fig. 4. a) ‘Top-to-bottom’ (‘t-t-b’) electric potential difference of a 63 μm BF-KBT-PT piezocatalyst suspended in water at ultrasonic frequencies ranging from 20 to 
1150 kHz. b-f) ‘t-t-b’ polarisation of a 63 μm BF-KBT-PT piezocatalyst suspended in water at different ultrasonic frequencies: 20, 35, 576, 864 and 1142 kHz, 
respectively. 
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experiments over a wide range of frequencies with exactly the same 
acoustic pressure source. 

This situation, which indeed complicates the evaluation of the effect 
of frequency in piezocatalysis in terms of acoustic energy due to the 
differences in terms of reactor geometry, volume and ultrasonic source 
[53], can be overcome by estimating the acoustic power dissipated in 
the solution containing the piezocatalysts through calibration by calo
rimetry [36,54], a well-established method in sonochemistry research 
that enables the comparison by taking into account all those differences 
in the experimental setup [53]. For this reason, all the RhB degradation 
experiments displayed in Fig. 5 were conducted at a calibrated acoustic 
power around 10-12 W L − 1, as it was the maximum acoustic power that 
could be achieved by the 32-38 kHz ultrasonic bath; the dissipated 
acoustic powers in the different systems used at 20, 32–38, 576, 864 and 
1142 kHz were 12.4 ± 0.4, 12.2 ± 0.4, 10.6 ± 0.3, 11.0 ± 0.6 and 10.0 
± 0.7 W L − 1, respectively. 

RhB degradation experiments clearly showed two trends:  

• At low frequencies, overall RhB degradation was rather low. In 
absence of the piezocatalyst (i.e. sonochemical generation of radicals 
only) [29], RhB degradations of around 11% and 29% were achieved 
at 20 and 32-38 kHz, respectively. The addition of the BF-KBT-PT 
piezocatalyst did result in a relative improvement of the overall 
degradation process, as RhB degradations of 14% (27% relative 
improvement) and 35% (21% relative improvement) were observed 
at 20 and 32-38 kHz, respectively. 

• At higher frequencies, however, the overall degradation was signif
icantly higher. In absence of the piezocatalyst, the greatest RhB 
degradation (81%) was observed at 576 kHz, whereas experiments 
conducted at 864 kHz and 1142 kHz yielded RhB degradations of 
67% and 61%, respectively. In these cases, though, the addition of 
the BF-KBT-PT piezocatalyst did not result in a significant change in 
performance, as RhB degradations of 80% (0% relative improve
ment), 69% (3% relative improvement) and 63% (3% relative 
improvement) were observed at 576, 864 and 1142 kHz, 
respectively. 

These results show that, when the ultrasonic frequency was varied 
from 20 to 1142 kHz while keeping the same acoustic power (around 10- 
12 W L − 1), the highest RhB was achieved at 576 kHz. This should not be 
a complete surprise, as it is believed that sonochemical radical formation 
is maximised at ultrasonic frequencies around 400 kHz [55–60]. Due to 
the shorter time length of the acoustic cycle, higher ultrasonic fre
quencies (>100 kHz) generally result in increased nucleation and a 
larger amount of cavitation bubbles that are smaller than at lower ul
trasonic frequencies (i.e. 20-100 kHz) at the same acoustic power [30, 
31]. This results in enhanced formation of radicals [61] that contribute 
to the sonochemical degradation of RhB [29]. However, as also 

demonstrated by the present results, there is an upper limit of the 
applied ultrasonic frequency above which the RhB degradation di
minishes, which is why RhB degradation at 864 and 1142 kHz was lower 
than that at 576 kHz. This is due to the bubbles forming at higher ul
trasonic frequencies not being sufficiently large to undergo a violent 
collapse, hence why less radicals are formed to degrade RhB [30,53]. On 
the other hand, at lower ultrasonic frequencies (i.e. <100 kHz), cavi
tating bubbles are able to grow for longer time due to the longer time 
length of the acoustic cycle. As they grow larger, the bubbles undergo 
more violent collapses, resulting in less chemical effects like sono
chemical formation of radicals [30,53], but more pronounced mechan
ical effects such as shock waves, micro-jetting and asymmetrical bubble 
collapse at the surface of solids [62]. 

To confirm the relevance of mechanical effects occurring at different 
frequencies used in this study, a qualitative evaluation of the acoustic 
field was conducted by immersing aluminium foil in the different 
experimental setups (Fig. 6). At low ultrasonic frequencies (<100 kHz), 
the aluminium foil experienced significant erosion caused by the me
chanical effects of acoustic cavitation (Fig. 6a). This was particularly 
obvious for the foil immersed in the system operating at 32-38 kHz, 
where the greatest amount of erosion was observed. In fact, the erosion 
patterns clearly described the nature of the acoustic field established in 
the reactor, illustrating the clear existence of at least five pressure an
tinodes within the beaker where cavitating bubbles would concentrate. 
On the other hand, no noticeable erosion marks were observed by the 
naked eye on aluminium foil immersed in the multifrequency system 
operating at high frequencies (>100 kHz), a very clear indication of 
negligible mechanical effects (Fig. 6b). These results clearly link the 
occurrence of mechanical effects within the liquid being treated with the 
relative importance of the piezocatalytic contribution towards the 
degradation of RhB at different frequencies. 

But why are mechanical effects generated by acoustic cavitation 
important in piezocatalysis? As previously stated, mechanical effects 
include phenomena such as shock waves, micro-jetting and, especially in 
this case, asymmetrical bubble collapse at the surface of solids. These 
phenomena result in piezocatalysts experiencing significantly high 
pressures (of the order of 100 bar), which would obviously lead to 
outstanding polarisations. The polarisation experienced by the piezo
catalysts caused by the action of, for example, asymmetrical bubble 
collapses at their surface, would probably be far higher than the po
tential differences reported in the FEM simulations at low frequencies 
(<100 kHz); this polarisation would be enough to drive redox reactions 
at the surface of the piezocatalysts [63]. This is exactly the case of the 
present study, where the combination of a more violent collapse of 
cavitating bubbles with the poor sonochemical degradation of RhB via 
radical formation at low frequencies (<100 kHz) meant that, when 
BF-KBT-PT piezocatalysts were added to RhB aqueous solutions, a pie
zocatalytic contribution towards the degradation of RhB could be 

Fig. 5. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at different frequencies and acoustic powers of 10-12 W L − 1: a) 
evolution of C/C0 vs reaction time, b) pseudo first-order linear fit of ln(C0/C) vs reaction time, c) pseudo first-order degradation reaction rate constants. 
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noticed. On the other hand, the superior sonochemical degradation of 
RhB via radical formation and the less violent collapse of cavitating 
bubbles at high ultrasonic frequencies (>100 kHz) [61] also explains 
why any potential piezocatalytic contribution is barely noticed in those 
conditions. In this case, though, the occurrence of mechanical effects 
that could cause a localised piezoelectric response [48] (Fig. 1b) would 
be more important than bulk piezoelectric polarisation resulting from 
exciting a piezocatalyst close to its resonance frequency (Fig. 1a). This 
was further confirmed by exploring the surface of the piezocatalysts 
after the experiments by FIB-SEM: in the particular case of the piezo
catalysts used in experiments conducted at 32-38 kHz, smoother sur
faces and erosion marks caused by asymmetric bubble collapses could be 
clearly seen (Fig. 7); a strong localised piezoelectric response would 
indeed be expected in the surroundings of those areas. 

To summarise these findings, it can be stated that, with current ul
trasonic transducer technology, one should focus in low ultrasonic fre
quencies to exploit the piezocatalytic degradation route to maximise the 
mechanical effects of acoustic cavitation; these would result in a local
ised piezoelectric response of the piezocatalyst (Fig. 1b). On the other 
hand, high frequencies would favour the sonochemical route (Fig. 1c), 
with no need to add a piezocatalyst at all. 

3.3. Effect of ultrasonic power 

As demonstrated in the previous section, frequency is really impor
tant in both piezocatalytic and sonochemical degradation of RhB. Be
sides frequency, the other key parameter in ultrasonic systems is power. 
Therefore, to investigate the effect of ultrasonic power on both degra
dation mechanisms, additional experiments were conducted at 20 and 
576 kHz. On the one hand, 20 kHz was chosen to investigate the effect of 
power at low ultrasonic frequencies for practical reasons: whereas the 
power output of the 20 kHz ultrasonic transducer could be further 
increased, the 32-38 kHz ultrasonic bath was already operating at its 
maximum power output. On the other hand, 576 kHz was chosen to 
investigate the effect of power at high ultrasonic frequencies due to the 
highest sonochemical degradation of RhB reported in the previous 
section. 

Prior to the experiments, calorimetric calibrations were conducted at 
20 and 576 kHz to determine five different acoustic power levels. At 20 
kHz, the following acoustic powers were investigated based on the 
maximum output provided by the system: 12.4 ± 0.4, 38.1 ± 0.7, 50.1 
± 0.3, 68.0 ± 0.3 and 89.8 ± 0.4 W L − 1. At 576 kHz, the following 
acoustic powers were used, also based on the maximum output of the 
equipment: 2.9 ± 0.4, 5.5 ± 0.4, 10.6 ± 0.3, 20.3 ± 0.7 and 33.7 ± 0.6 
W L − 1. 

3.3.1. Low ultrasonic frequency 
RhB degradation experiments conducted at 20 kHz (Fig. 8) revealed 

an increase in the overall degradation of RhB as the acoustic power was 
increased. RhB degradation in absence/presence of the BF-KBT-PT pie
zocatalyst was 11%/14% at 12 W L − 1 (3% difference in overall 
degradation), 33%/37% at 38 W L − 1 (4% difference in overall degra
dation) and 53%/64% at 50 W L − 1 (11% difference in overall degra
dation), respectively, indicating a progressively growing contribution of 
piezocatalysis to the overall degradation of RhB. However, RhB degra
dation in the absence/presence of the BF-KBT-PT piezocatalyst was 
79%/84% at 68 W L − 1 (5% difference in overall degradation) and 92%/ 
94% at 90 W L − 1 (2% difference in overall degradation), indicating 
that, at certain point, further increasing the acoustic power would result 
in higher sonochemical degradation of RhB, but the contribution of the 
piezocatalyst towards the overall degradation would progressively 
decrease. 

The apparent contradiction of these results can be explained with the 
effect of high ultrasonic power on the behaviour and distribution of 
cavitating bubbles at low frequencies, as illustrated by additional 
aluminium foil erosion experiments conducted in the 20 kHz setup at 

Fig. 6. Longitudinal view of aluminium foil erosion experiments (exposure 
time 5 min): a) low frequencies, b) high frequencies. 

Fig. 7. FIB-SEM images of the surface of the BF-KBT-PT piezocatalyst used in 
experiments conducted at 32–38 kHz: a-b) before the experiment, c-d) after 
the experiment. 
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different acoustic powers (Fig. 9). As it is well known, there are upper 
and lower limits for acoustic power to result in ‘efficient’ cavitation 
activity [30,64]. Below the lower power threshold, the sound field is not 
efficient enough to induce bubble formation or nucleation; bubbles tend 
to succumb to surface tension effects and dissolve, leading to low cavi
tation activity [30,65]. This low cavitation activity would result in low 
sonochemical radical formation, but also low mechanical effects 
(Fig. 9a), hence the low sonochemical degradation and piezocatalytic 
contribution at 12 W L − 1. In between the upper and lower thresholds, 
the acoustic pressure influences not only the magnitude of the bubble 
collapse, but also the surface stability of the bubble as well as its oscil
lation. A more violent collapse results from the bubbles being exposed to 
higher negative pressures during the rarefaction phase of an ultrasonic 
wave, followed by higher pressures in the subsequent compression. This 
also leads to higher potential energy that is partially converted into 
radical formation, heat (i.e. higher collapse temperature), light (i.e. 
sonoluminescence) and sound emissions [58], with the subsequent in
crease in mechanical effects (Fig. 9b and c), hence the increase in 
sonochemical degradation and growing piezocatalytic contribution 
observed at 38 and, especially,50 W L − 1, where we can clearly see the 
piezocatalytic contribution of by the BF-KBT-PT particles. However, at 
excessive acoustic powers, an increase in bubble coalescence, degassing 
and liquid agitation takes place [30,31]. These phenomena may not 

have been enough to negatively affect the sonochemical degradation 
observed at 68 and 90 W L − 1 (the overall degradation of RhB continued 
to increase), but it had a progressively negative effect on the mechanical 
effects that affect piezocatalysis (Fig. 9d and especially e), resulting in 
lower piezocatalytic contribution at 68 and 90 W L − 1. This did not 
mean that the acoustic field was weaker at those acoustic powers, 
though; in fact, the presence of a stronger pressure antinode could be 
noticed far from the emitter surface at those two powers. Therefore, with 
current ultrasonic transducer technology, low ultrasonic frequencies at 
moderate powers should be the aim to maximise the piezocatalytic 
degradation route, as high powers could result in a decrease in piezo
catalytic activity. 

Moreover, radical and charge scavenger experiments (Fig. 10) using 
TA, BQ and EDTA were conducted at 20 kHz and 50 W L − 1 in the 
presence and absence of BF-KBT-PT piezocatalysts to further confirm the 
importance of radical initiated degradation routes in the degradation of 
RhB. TA showed a negligible effect on the sonochemical degradation of 
RhB at 20 kHz (Fig. 10a-c), indicating that ●OH radicals were not being 
predominantly formed at such frequency and power. However, in the 
presence of BF-KBT-PT piezocatalysts, TA showed a more significant 
hindering effect on the overall degradation of RhB, suggesting the pie
zocatalytic formation of ●OH in the presence of the piezocatalyst. BQ 
had a significant hindering effect on RhB degradation, whether in 

Fig. 8. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at low frequency (20 kHz) and different acoustic powers: a) 
evolution of C/C0 vs reaction time. b) pseudo first-order linear fit of ln(C0/C) vs reaction time. c) pseudo first-order degradation reaction rate constants. 

Fig. 9. Longitudinal view of aluminium foil erosion experiments (exposure time 5 min) conducted at low frequency (20 kHz) and different acoustic powers: a) 12 W 
L − 1, b) 38 W L − 1, c) 50 W L − 1, d) 68 W L − 1, e) 90 W L − 1. 
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Fig. 10. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at low frequency (20 kHz) and 50 W L − 1 with different radical 
scavengers: a) evolution of C/C0 vs reaction time, b) pseudo first-order linear fit of ln(C0/C) vs reaction time, c) pseudo first-order degradation reaction rate 
constants in the presence of terephthalic acid (TA); d) evolution of C0/C vs reaction time, e) pseudo first-order linear fit of ln(C0/C) vs reaction time, f) pseudo first- 
order degradation reaction rate constants in the presence of benzoquinone (BQ); g) evolution of C0/C vs reaction time, h) pseudo first-order linear fit of ln(C0/C) vs 
reaction time, i) pseudo first-order degradation reaction rate constants in the presence of ethylenediaminetetraacetic acid (EDTA). 

Fig. 11. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at high frequency (576 kHz) with different acoustic powers: a) 
evolution of C/C0 vs reaction time. b) pseudo first-order linear fit of ln(C0/C) vs reaction time. c) pseudo first-order degradation reaction rate constants. 
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presence or absence of BF-KBT-PT piezocatalysts (Fig. 10D-f), demon
strating the importance of ●O2

– radicals for the decomposition of RhB at 
low ultrasonic frequencies. The results also revealed that piezocatalytic 
degradation was significantly hindered using BQ to scavenger ●O2

– 

radicals, indicating an enhanced production of ●O2
– radicals in the 

presence of BF-KBT-PT piezocatalysts at the selected frequency and 
power. EDTA showed some minor decrease in the sonochemical degra
dation of RhB (Fig. 10g-i) due to its potential interaction with sono
chemical formation of radicals [29,66]. However, the scavenging effect 
of EDTA on h+ was clearly noticeable in the presence of BF-KBT-PT 
piezocatalysts, reducing the overall degradation of RhB close to the 
sonochemical decomposition. This demonstrates the importance of h+ in 
the piezocatalytic degradation at lower ultrasonic frequencies. 

3.3.2. High ultrasonic frequency 
RhB degradation experiments conducted at 576 kHz (Fig. 11) also 

showed a progressive enhancement of the sonochemical degradation of 
RhB as the ultrasonic power was increased: overall RhB degradations of 

14%, 65%, 80% and 94% were achieved at 3, 6, 10 and 20 W L − 1, 
respectively. Moreover, at the highest acoustic power used (34 W L − 1), 
99% of RhB was degraded after 110 min; in other words, almost com
plete degradation of RhB was achieved in less than 2 h. As expected from 
the results from the previous section, the addition of the BF-KBT-PT 
piezocatalysts had little to no effect on the overall degradation, 
further indicating that only sonochemical degradation (Fig. 1c) with no 
piezocatalytic contribution was taking place at 576 kHz, no matter 
which acoustic power was being used. This should not be a complete 
surprise, though; near complete sonochemical degradation of RhB after 
2-hour experiments at 300 kHz has been reported in the past, although 
at powers apparently higher (around 200 W L − 1) [67] than those re
ported in this study. 

To better understand the observed degradation of RhB at higher ul
trasonic frequencies, radical and charge scavenger experiments using 
TA, BQ and EDTA were again conducted at 576 kHz and 34 W L − 1 

(Fig. 12). TA showed some hindering effect on the degradation perfor
mance in the first 60 min of the experiments both in the absence and 

Fig. 12. RhB degradation experiments in the presence and absence of BF-KBT-PT piezocatalysts (P) at high frequency (576 kHz) and 34 W L − 1 with different 
radical scavengers: a) evolution of C/C0 vs reaction time, b) pseudo first-order linear fit of ln(C0/C) vs reaction time, c) pseudo first-order degradation reaction rate 
constants in the presence of terephthalic acid (TA); d) evolution of C0/C vs reaction time, e) pseudo first-order linear fit of ln(C0/C) vs reaction time, f) pseudo first- 
order degradation reaction rate constants in the presence of benzoquinone (BQ); g) evolution of C0/C vs reaction time, h) pseudo first-order linear fit of ln(C0/C) vs 
reaction time, i) pseudo first-order degradation reaction rate constants in the presence of ethylenediaminetetraacetic acid (EDTA). 
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presence of BF-KBT-PT piezocatalysts (Fig. 12a-c). However, due to the 
significantly greater formation of ●OH radicals at 576 kHz compared to 
that at 20 kHz (in agreement with previous studies[68]), the added 
concentration of 10 mM TA was not enough to hinder the degradation of 
RhB at the end of the experiment (10 mM was around the saturation 
point in the solution). Nevertheless, the hindering effect was noticeable 
enough to confirm the contribution of ●OH radicals towards the 
degradation of RhB at high frequencies. The addition of BQ resulted in a 
significant hindering effect of the degradation of RhB (Fig. 12d-f) at 576 
kHz, confirming the importance of ●O2

– radicals on the decomposition of 
RhB at high frequencies. The addition of EDTA, however, had a very 
minor effect in the degradation of RhB (Fig. 12g-i), and the minor effect 
observed was likely due to the potential interaction of EDTA with the 
sonochemical formation of radicals [29,66]. The results in the presence 
of the BF-KBT-PT piezocatalysts are particularly revealing, confirming 
that h+ were not involved in the degradation of RhB at 576 kHz. In other 
words, it further confirmed that there was no piezocatalysis taking place 
at high ultrasonic frequencies. 

3.4. Overall discussion 

The results from the experiments conducted at both low and high 
frequencies bring up an interesting discussion. At 20 kHz, whereas the 
presence of BF-KBT-PT piezocatalysts did enhance the overall degrada
tion of RhB at 50 W L − 1 (RhB degradation of 53%/64% in presence/ 
absence of the piezocatalyst), further increasing the power to 90 W L − 1 

would result in a significantly higher RhB degradation with little 
contribution from the BF-KBT-PT piezocatalysts (RhB degradation of 
92%/94% in the presence/absence of the piezocatalyst). In both cases, 
the piezocatalyst contribution would be strongly related to the me
chanical effects caused by acoustic cavitation (e.g. shock waves, micro- 
jetting and asymmetrical bubble collapses near the surface of the pie
zocatalyst) that are maximised at low frequencies (<100 kHz). These 
mechanical effects might not be enough to generate by bulk polarisation 
(Fig. 1a) the minimum of 2.22 V necessary for the radical redox re
actions to take place, but more than enough to cause localised piezo
electric polarisation (Fig. 1b) that would induce those reactions. 
Considering the energy requirements for ultrasound to generate acoustic 
cavitation and the resulting mechanical effects at low frequencies, 
though, one might prefer to explore less energy intensive options such as 
water-drive piezo-activation to achieve localised polarisation of piezo
catalysts [69,70]. On the other hand, whereas no piezocatalysis was 
observed at high frequencies (>100 kHz) due to the significant decrease 
in the intensity and violence of those same mechanical effects, further 
tuning the frequency and increasing the power could result in the 
complete degradation of RhB at 576 kHz and 34 W L − 1 through 
sonochemistry on its own (Fig. 1c). This would present straightforward 
advantages: there would be no need to add a catalyst to achieve the 
degradation (i.e. savings in materials, fabrication costs, separation 
processes after treatment, etc.), and there could be potential savings in 
energy consumption of the process, as full degradation was achieved at 
significantly lower acoustic powers than those used at 20 kHz. 

Nevertheless, even with no piezocatalytic contribution to the overall 
process, the remarkable sonochemical degradation of RhB at 576 kHz 
and 34 W L − 1 (pseudo first-order degradation reaction rate constant of 
0.037 min− 1) outperforms the vast majority of the research on recent 
piezocatalytic degradation of RhB available in the literature (Table 1). 
As already indicated in their previous work [29] and more recently 
highlighted by other researchers [6,71], to achieve ‘true’ progress in 
piezocatalysis, expertise and practice from other fields (i.e. piezoelec
tricity, acoustics, sonochemistry and electrochemistry), as well as a 
systematic experimental approach with appropriate control experi
ments, must be incorporated into the research conducted in this area. If 
this is not followed, there is a strong risk that piezocatalysis may be, 
sooner rather than later, forgotten about without fully exploiting its 
potential. 

4. Conclusion 

The present study aimed to shed some light into the controversial 
discussion surrounding the piezocatalytic mechanisms by investigating 
the effect of ultrasonic frequency and power on the ‘top-to-bottom’ 
polarisation of piezocatalyst. The results indicated that the occurrence of 
mechanical effects (i.e. shock waves, micro-jetting and asymmetric 
collapse at the surface of the catalysts) predominant at lower ultrasonic 
powers (<100 kHz) would cause a localised piezoelectric response that 
would be more important for current piezocatalytic research rather than 
bulk piezoelectric polarisation resulting from exciting a piezocatalyst 
close to its resonance frequency. 

The results also revealed that, whilst an increase in acoustic power 
would result in increased sonochemical degradation at both low and 
high ultrasonic frequencies, it did not necessarily result in an increased 
piezocatalytic contribution. Therefore, the use of lower ultrasonic fre
quencies with moderate powers should be encourage to maximise the 
piezocatalytic degradation route, whereas high powers and especially 
high ultrasonic frequencies would be favourable for the sonochemical 
degradation without the need to add a piezocatalyst. The latter could 
present straightforward advantages: savings in cost of materials, their 

Table 1 
Comparison of pseudo first-order reaction rate constants for sonochemical and 
piezocatalytic degradation of RhB from this work with other piezocatalysis 
studies available in the literature.  

Piezocatalyst Frequency 
[kHz] 

Acoustic 
power [W 
L − 1] 

Rate 
constant 
[min− 1] 

Ref 

None 20 50.1 ± 0.3 0.007 this 
study 

20 89.8 ± 0.4 0.023 this 
study 

576 20.3 ± 0.7 0.025 this 
study 

576 33.7 ± 0.6 0.037 this 
study 

BF-KBT-PT 20 50.1 ± 0.3 0.009 this 
study 

20 89.8 ± 0.4 0.024 this 
study 

576 20.3 ± 0.7 0.025 this 
study 

576 33.7 ± 0.6 0.037 this 
study 

BaTiO3 40 n/a (360 
W) 

0.013 [13] 

(Bi1/2Na1/2)TiO3 40 n/a (100 
W) 

0.013 [14] 

Na0.5Bi0.5TiO3 

(nanoparticles) 
40 n/a (150 

W) 
0.022 [15] 

0.5BNT–0.5BFO 40 n/a (120 
W) 

0.0204 [18] 

Bi2Fe4O9 (nanoplates) 40 n/a (200 
W) 

0.01615 [11] 

Ba0.95Ca0.05Ti0.9Sn0.1O3 

(micron-sized powders) 
40 n/a (100 

W) 
0.0245 [12] 

(K0.5Na0.5)0.94Li0.06NbO3- 
PDMS 

40 n/a (180 
W) 

~0.014 [9] 

Bi- MOFs (bismuth-based) 40 n/a (300 
W) 

~0.025 [10] 

Natural clay-modified 
MWCNT/kaolinite/PVDF 
membrane 

30±5 n/a (50 W) 0.040 [19] 

Bi2Fe4O9 NSs 40 n/a (480 
W) 

0.0186 [20] 

BaTiO3@TiO2 nanowires 28 n/a (n/a) 0.007 [17] 
45 n/a (200 

W) 
0.08 

80 n/a (200 
W) 

0.002 

100 n/a (200 
W) 

0.001  

F. Bößl et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal Advances 14 (2023) 100477

12

fabrication and post-treatment separation, as well as potential energy 
consumption. 
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