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An electrochemical and high-speed imaging study
of micropore decontamination by acoustic bubble
entrapment†

Douglas G. Offin,*a Peter R. Birkin*a and Timothy G. Leightonb

Electrochemical and high-speed imaging techniques are used to study the abilities of ultrasonically-

activated bubbles to clean out micropores. Cylindrical pores with dimensions (diameter � depth) of

500 mm � 400 mm (aspect ratio 0.8), 125 mm � 350 mm (aspect ratio 2.8) and 50 mm � 200 mm (aspect

ratio 4.0) are fabricated in glass substrates. Each pore is contaminated by filling it with an

electrochemically inactive blocking organic material (thickened methyl salicylate) before the substrate is

placed in a solution containing an electroactive species (Fe(CN)6
3�). An electrode is fabricated at the

base of each pore and the Faradaic current is used to monitor the decontamination as a function of

time. For the largest pore, decontamination driven by ultrasound (generated by a horn type transducer)

and bulk fluid flow are compared. It is shown that ultrasound is much more effective than flow alone,

and that bulk fluid flow at the rates used cannot decontaminate the pore completely, but that

ultrasound can. In the case of the 125 mm pore, high-speed imaging is used to elucidate the cleaning

mechanisms involved in ultrasonic decontamination and reveals that acoustic bubble entrapment is a

key feature. The smallest pore is used to explore the limits of decontamination and it is found that

ultrasound is still effective at this size under the conditions employed.

Introduction

The use of ultrasound for decontamination is well known and it
is a tool used in industry,1–3 dentistry4–6 and within many
research laboratories. However, there is a lack of in situ studies
concerning the physical processes that occur during deconta-
mination, especially when ultrasound is applied to recesses of
micron dimensions. This may be relevant to, for example, filter
decontamination7–9 or cleaning of other porous substrates.10

Although the decontamination of smooth, flat surfaces is
traditionally easier, if ultrasound is used the situation is more
complicated. In this case interactions between the sound field
in the liquid and the surface generating reflected waves that
can strongly influence the pattern of decontamination.11,12

In the work presented here, the decontamination of micro-
pores by ultrasound has been studied in situ using electro-
chemistry and high-speed imaging. Here, the ultrasound was
generated by an ultrasonic horn (or piston-like emitter) and so

it is important to consider the environment that such a sound
source generates within aqueous solutions. In the first
instance, consider the generation and behaviour of bubbles
directly in front of the horn. The fate of such bubbles is
determined by the local conditions of frequency and pressure
amplitude of the sound and also the solution properties.13

Bubble nuclei exposed to a critical pressure amplitude can, if
of the correct size, be driven to inertial or transient collapse.14–18 In
water this threshold is predicted to be approximately 100–120 kPa
zero-to-peak amplitude at 23 kHz.14,19 Bubbles below this
threshold are considered to be undergoing non-inertial or
stable cavitation. This distinction is important because many
of the phenomenological effects associated with sonication, for
example erosion,20–24 radical generation25–30 and light emission31–35

are strongly associated with inertial bubble collapses. Given this
pressure dependence of bubble behaviour and the associated
physical effects, consideration should be to the shape and
characteristics of the sound field generated by the sound source.
Briefly, such consideration indicates that the direct field (assuming
at this stage that contributions from the reverberant and scattered
field are small) falls dramatically with distance.19,36 This implies
that the highest likelihood of generating inertial cavitation exists
close to the tip of the emitter. As the distance from the surface of
the sound source is increased there will be a point at which inertial
cavitation ceases to exist and only non-inertial bubble oscillation

a Chemistry, Natural and Environmental Sciences, University of Southampton,

Southampton, SO17 1BJ, UK. E-mail: d.g.offin@soton.ac.uk, prb2@soton.ac.uk
b Institute of Sound and Vibration Research, Engineering and the Environment,

University of Southampton, Southampton, SO17 1BJ, UK

† Electronic supplementary information (ESI) available: Movie from which
Fig. S5–S7 are taken. See DOI: 10.1039/c3cp55088e

Received 3rd December 2013,
Accepted 21st January 2014

DOI: 10.1039/c3cp55088e

www.rsc.org/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

14
. D

ow
nl

oa
de

d 
on

 8
/1

9/
20

24
 2

:1
0:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C3CP55088E
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP016010


This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 4982--4989 | 4983

occurs. It should be noted that the threshold predictions above
are for an isolated cavity exposed to a simple sinusoidal
excitation. In the case of sound sources such as that used in
this work, the situation is complicated by the presence of
bubble clusters close to the tip of the source,37–40 additional
acoustic signals related to these clusters19,38 and the inter-
action of these acoustic signals with sensing elements within
the cell.37,38 These interactions can lead to an extension of the
threshold away from the source. However, it has been observed
that both erosion and multibubble sonoluminescence can be
detected close to the tip of the source and are subject to a
threshold distance (in the case of the source used here, approx.
2–3 mm).19,37,38 At greater distances stable bubble oscillation is
seen, which leads to local fluid motion through microstreaming41–46

but no erosion of the surface.47 In addition to bubble-related
processes, it is important to note that, owing to absorption of sound
in this region, there is also expected to be a large amount of
acoustic streaming, which leads to bulk fluid flow away from
the tip of the horn.48–50

The aim of the work presented here was to study the
decontamination of micropores by ultrasound and specifically
to work in the region of liquid beyond the inertial cavitation
threshold so as to eliminate these high-energy events from the
process.

Experimental details

All experiments were carried using the setup shown in Fig. 1.
A cylindrical glass cell (75 mm internal diameter � 105 mm
height) was used, which was fitted with a flat window to allow
high-speed imaging. The cell also had an SQ 13 joint fitted to
the base, which allowed the test substrates to be inserted and
sealed with a silicone washer. The cell was placed on a fixed
stand and the ultrasonic horn entered the top of the cell such
that the surface of the tip was parallel with the surface of the
electrode (the so-called ‘face-on’ arrangement). The transducer

itself was fixed to a computer controlled XYZ rig (3� Zaber
T-LA60 linear actuators and stages). This allowed the position
of the horn to be moved 60 mm in each direction with a
resolution of greater than 10 mm. The cell was filled with 250 cm3

of solution.
Micropores were fabricated from platinum electrodes of

various diameters (0.5 mm, 0.125 mm and 0.05 mm), which
were prepared by sealing the appropriate wire in glass (work
undertaken by the Scientific Glassblowers at the University of
Southampton). The surfaces of the electrodes were polished flat
using silicon carbide paper (up to 1200 grade).

The pore was then prepared by etching the metal using a
two-electrode arrangement with a vitreous carbon rod acting as
the counter electrode. The applied potential was switched
between +6 V and �6 V at a frequency of 25 Hz (0.02 second
pulses). The etching solution consisted of 60% saturated CaCl2,
36% H2O and 4% concentrated HCl (by volume). During etching,
the solution above the electrode was cavitated using an ultrasonic
horn at an electrode-to-source distance of 5 mm in order to remove
reaction products from the cavity, which were found hinder the
etching process if not removed. The progress of the etching was
monitored using the high-speed camera (in real time) with a
macro lens attached to act as a microscope. Following the etching
process the electrode was thoroughly rinsed with purified water.

In all experiments the foulant used was thickened methyl
salicylate (tMS). In the case of the 0.5 mm diameter pore, tMS
was applied using a 34G MicroFil needle. The amount per pore
was not controlled but was in the region of 0.02 g. For the
smaller pores this was not possible and the following procedure
was used. The substrate was sealed in an open ended glass tube
by means of a silicone washer and SQ13 joint. A small amount
of tMS (approx. 0.02 g) was placed on the open pore. The open
end of the glass tube was connected to a vacuum pump (KNF
Neuberger VP series) and the tube was evacuated. The vacuum
was then released and this was repeated several times until tMS
filled the pore. Each filled pore was inspected to ensure that no
pre-existing bubbles were visible in the matrix, subject to the
resolution afforded by the high-speed camera optics. It is likely
that microscopic bubbles were present in the contaminant.
However, the experiments performed (see later) showed that
cleaning of the micropore was as a direct result of bubble
entrapment from the exterior of the cavity and not from
residual microbubbles trapped in the matrix through the filling
process.

Ultrasound and cavitation were generated by means of a TTi
TGA12101 function generator, Brüel & Kjær Type 2713 power
amplifier and an ultrasonic transducer fitted with a 3 mm
diameter piston-like titanium tip (Adaptive Biosystems). The tip
was positioned so it was 20 mm below the surface of the liquid.
The nominal frequency of the ultrasound was 23 kHz. The
power determined using calorimetry was 56 � 5 W.

The acoustic pressure was measured using a G.R.A.S 10 CT
hydrophone and Brüel & Kjær Type 2635 charge amplifier. The
data was recorded with a Textronix TDS 224 digital oscilloscope
or PC and ADC card (National Instruments PCI-6025E). Acoustic
pressure measurements were made with the centre of the activeFig. 1 Schematic image of the setup used in this work.
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element of the hydrophone positioned 2 mm below the tip of the
horn and 13.5 mm off axis. In this location the pressure signal
was found to consist of an underlying wave associated with the
driving frequency of the horn (22.68 kHz) with approximately
10 kPa zero-to-peak amplitude. This was punctuated with higher
amplitude pressure spikes (up to 40 kPa zero-to-peak), which
occurred sporadically, but always at a sub-harmonic of the
driving wave. These have previously been observed in aqueous
solution and attributed to a cluster collapse at the tip of the
ultrasonic horn.19,37,38

High-speed imaging data was recorded using a Photron APX
250RS digital camera fitted with a Navitar 12� zoom lens. The
subject was backlit using a Schott DCR III cold light source with
the fibre optic removed (i.e. the light from the lamp was used
directly). This set-up resulted in the subject being in silhouette.
The camera was triggered using a TTL pulse generated by a
National Instruments PCI-6025E ADC card. In cases where
high-speed imaging and electrochemical data were recorded
synchronously the same pulse was used to trigger the camera
and the electrochemical data acquisition.

Electrochemical data was acquired using a three electrode
system with a Pt mesh acting as the counter electrode and a
saturated calomel electrode (SCE) as the reference. The
potential of the working electrode was controlled using a
potentiostat built in-house and the current was recorded using
a PC, ADC card (National Instruments PCI-6025E) and software
developed in-house.

The pump (Eheim Type 1105) was fitted with a 10 mm
diameter inlet while the outlet nozzle was attached to a pipette
tip, cut so that the outlet was 3 mm in diameter (the same as the
ultrasonic horn). For pump experiments the nozzle assembly was
fitted to the XYZ stage in place of the transducer and horn.

All solutions were made up using water from either a USF
Elga Purelab Option 10 or Purite Select water purification
system. Water purified in this manner had conductivity below
0.06 mS cm�1. Aluminium particles (�100 +325 mesh, Alfa Aesar,
99.97%), K3Fe(CN)6 (Sigma-Aldrich, 99+%) and Sr(NO3)2 (Sigma-
Aldrich, 99+%) were used as supplied. A proprietary surfactant
(F54) and thickened methyl salicylate was supplied by DSTL for
use in these experiments.

Results and discussion

Previous work has shown it is possible to monitor decontamination
electrochemically and briefly highlighted the relative effectiveness
of ultrasound versus bulk fluid flow generated by a pump system in
this arena.51

Here, this technique is used to further demonstrate the
effectiveness of ultrasound in comparison with fluid flow for
decontaminating complex structures (specifically micropores).
In addition to electrochemical measurements, high-speed imaging
has been used to elucidate the cleaning mechanisms at work. In
cases where ultrasound was used, the distance between the
substrate to be cleaned and the horn was 5 mm. This is beyond
the threshold distance for inertial cavitation under the conditions

used and so it can be assumed that inertial cavitation does not play
a role in the decontaminating process. However, there are still a
number of physical processes that occur in the region under study.
In particular acoustic streaming and stable bubble oscillation are
of interest.

In the first set of experiments a comparison was made
between the decontamination of a 500 mm � 400 mm cylindrical
pore using ultrasound and fluid flow generated by a pump.

The aims of these experiments were to decouple the effects
of bulk fluid flow generated by acoustic streaming from other
acoustic processes (i.e. bubble related phenomena). First, in
order to compare the bulk flow characteristics of these two
systems, aluminium particles (�100 +325 mesh, 44–150 mm)
were added to the solution and the solution below the horn or
pump nozzle filmed using a high-speed camera while either the
flow or sound were on. Ten particles were then selected and
tracked using motion tracking software (Photron Motion
Tools). Fig. 2 shows the particle trajectories in the XY-plane
in both cases (see Fig. 1 for coordinate orientation). The
symbols represent the location of the particle while the colour
scale represents the velocity in the Y-direction. The particles
that were tracked were chosen such that they remained in
focus, indicating that their motion was small in the YZ-plane.
The average fluid velocity in the Y-direction at a distance of
5 mm from the horn or pump nozzle was calculated by taking
data for the ten particles at distances between 4.8 mm and
5.2 mm from the nozzle or horn and averaging the Y-velocities.
This yields an average bulk fluid flow of 2450 � 370 mm s�1 for
the horn and 3620 � 230 mm s�1 for the pump assuming in
both cases that the particle velocity is a good approximation to
the fluid velocity. Despite the average velocity for the pump
being higher, inspection of the data presented in Fig. 2 suggests
that there is more local variation generated by the horn. The
peak velocities in the Y-direction are higher and additional
lateral motion was observed along the X-axis, which contributes
to the larger error in the velocity value calculated for the horn.

Having characterised the bulk fluid flow, decontamination
experiments were then performed. Pore decontamination was
monitored electrochemically using a platinum electrode in the
base of each pore. This was achieved by employing a solution of
5 mM K3Fe(CN)6 and 0.1 M Sr(NO3)2 and holding the potential
of the platinum electrode at 0 V vs. SCE. In the case of a clean
pore this results in mass transfer limited reduction of
Fe(CN)6

3�. Monitoring this current as a function of time is
used to give information about the contamination of the pore. This
is because the contaminant used (thickened methyl salicylate) is
electrochemically inactive at the potential employed and blocks the
base of the pore. This prevents the electroactive species reaching
the electrode surface. Hence as the electrode is blocked by the tMS
the current is essentially zero. However, as this material is removed
from the recess and the Pt surface exposed to the electrolyte with
the redox active material present, an increasing cathodic (negative)
current will be observed as the Fe(CN)6

3� is reduced to Fe(CN)6
4� at

the Pt surface. Because of the geometry of the electrode structure
employed, this can only occur when the tMS layer has been
penetrated by the cleaning mechanisms present within the system.
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First, ultrasonic decontamination was performed. Fig. 3(a)
shows a comparison of the currents measured in the absence
(black ( )) and presence (red ( )) of contamination in a pore
exposed to ultrasound. In both cases the pore was positioned
centrally under the horn at a distance of 5 mm (with respect to
the upper glass interface) and the ultrasound was turned on at
t = 0 s. In the absence of contamination (black line) the current
starts to increase significantly between t = 0.02 and 0.03 s and
reaches a stable value (on the time scale presented) at approx.
0.3 s (note time is plotted on a logarithmic scale). This indicates
that the ring-up of the ultrasonic horn and the response time
of the convection/diffusion profile generated at the recessed
electrode have a limiting response on the order of 30–100 ms.
The current after 0.3 s oscillates significantly. This observation
is associated with bubble entrapment and oscillation in the free

micropore, which is relevant to the following decontamination
experiments. When a contaminated pore was used there was a
delay before the current started to increase. In Fig. 3(a) the
current for the contaminated pore (red line ( )) is 0 until
t = 0.15 s, after which the current increases and is the same as
the uncontaminated pore by 0.3 s. The delay before the current
increases (0.15 s) is due to the pore being full of contamination.
It takes this time before the electrode at the base of the pore
becomes exposed to the solution and is considered to be the
‘decontamination time’. The fact that the current reaches the
same value as the uncontaminated pore indicates that the pore
is fully decontaminated by exposure to ultrasound and the
entrapped bubbles and external mechanisms driven by the
ultrasonic source are largely the same. Note the current
detected for a tMS free pore (either through cleaning or for
an initially clean pore) in the presence of ultrasonic irradiation
was found to decrease after extended time periods (t > 1 s, see
Fig. 3(a)). This is associated with gas entrapment into the
micropore which causes further perturbation in the system. It
is also possible to compare ultrasonic cleaning of this structure
with a pore exposed to bulk fluid flow generated by a pump,
which shows a marked contrast.

Fig. 3(b) shows the currents recorded at clean and contaminated
pores exposed to this fluid flow by the black ( ) and red ( ) lines
respectively. In both cases the pump was turned on at t = 0 s. For
the uncontaminated pore (black line) the current starts to increase
after 0.2 s and reaches a stable value after 1 s. Note under these
conditions gas entrapment is not an issue and the current remains
stable over the timescale investigated. The experiments also
indicate that the start-up time of the pump is considerably
longer than that recorded for the ultrasonic horn. In the case
of the contaminated pore (red line ( )) the current is essentially
0 until between 40 and 50 s and then starts to increase very
slowly, such that after 1000 s it is still not at the value expected
for a clean pore. This indicates that some decontamination has

Fig. 2 Plots showing the velocity in the Y direction of aluminium particles
in solution as a function of position under the pump nozzle (top) and
ultrasonic horn (bottom) in the absence of the substrate to be studied. The
centre of the horn or pump nozzle was at X = 0, Y = 0. In decontamination
experiments the pore to be cleaned was positioned at X = 0, Y = 5. The
colour of each point represents the velocity in the Y-direction in mm s�1.

Fig. 3 Plots showing the current recorded as a function of time (t) at a
platinum electrode at the base of uncontaminated and contaminated
pores (500 mm � 400 mm) under exposure to ultrasound (a) and flow from
a pump (b). The pore was filled with tMS and placed 5 mm below the horn
or nozzle in a solution of 5 mM K3Fe(CN)6 and 0.1 M Sr(NO3)2 in an
emulsion of water and F54 surfactant.
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occurred but the pore is not fully decontaminated even after very
long exposure to the fluid flow. These experiments have clearly
shown that ultrasound is much more effective at decontaminating
the pore in question (500 mm � 400 mm cylinder in glass) than
bulk flow alone.

In order to investigate this in more detail further experiments
were performed in conjunction with high-speed imaging to
elucidate the decontamination mechanisms at work during
exposure to ultrasound. For this further work smaller pores were
used. Fig. 4 shows the current measured using a contaminated
pore in one such ultrasonic decontamination experiment. In this
case the pore was a 125 mm diameter � 350 mm deep cylindrical
pore in glass with a Pt electrode at its base. The current has been
normalised to the current recorded using a clean pore such that
a value of 1 indicates the reading expected at a clean pore.
Ultrasonic irradiation of the system was initiated at t = 0 s.

Initially the current is essentially 0 and stays at this level
until approx. 0.43 s, when it starts to increase. Following the
discussion above, this indicates the point at which the electrode
at the base of the pore was exposed to the electrolyte containing
the electroactive species. After this the current rapidly increases
such that by 0.45 s the value has reached that expected at a clean
pore. High-speed images were recorded simultaneously with the
current and a sequence is shown in Fig. 5. This shows every
100th frame from data recorded at 3000 frames s�1. The time of
each frame is denoted by the labelled circle symbols in Fig. 4.
Frame 1 shows the substrate as fouled, where ‘G’ is the glass
substrate, ‘P’ is the micropore, ‘Pt’ is platinum wire which forms
the base of the pore, ‘tMS’ is the foulant, ‘S’ is the solution and
the dashed line indicates the surface of the substrate.

Note that the foulant sits on the surface of the substrate and
penetrates the pore, where it appears transparent due to the

small diameter of the pore employed. These images give an
excellent insight into the decontamination process both inside
the micropore and on the outer surface of the electrode
structure and provide complimentary information to the electro-
chemical data. Fig. 5 frames 2 and 3 show that the foulant is
quickly removed from the outer flat surface of the substrate. The
images indicate that the zone below the ultrasonic horn and on
the surface of the electrode substrate is very dynamic indeed.
However, the tMS remains in the pore for a considerable time
longer. In Fig. 5, frame 4 bubbles (labelled ‘B’) can be seen
within the foulant in the pore. In frame 5 there are more bubbles
and they appear to be moving into the pore. By frame 6 a clear
interface (labelled ‘I’) has formed between the remaining tMS in
the pore and the solution. This interface proceeds into the pore

Fig. 4 Plot showing the normalised current recorded at a platinum
electrode at the base of a 125 mm diameter pore (depth of pore approx.
350 mm) as a function of time (t). The pore was filled with tMS and placed
5 mm below an ultrasonic horn in a solution of 5 mM K3Fe(CN)6 and 0.1 M
Sr(NO3)2 in an emulsion of water and F54 surfactant. The ultrasound was
turned on at t = 0 s. The current has been normalised to the average
current recorded at a clean pore under the same insonification conditions.
The labelled symbols refer to the frame numbers for the data shown in
Fig. 5, which were recorded simultaneously.

Fig. 5 A sequence of selected frames from high speed imaging of a pore
(P) in a glass substrate (G) with a platinum electrode at the base (Pt). The
diameter of the pore is 125 mm. The pore is initially filled with tMS, which
also sits on the surface of the glass substrate. The pore is in a solution (S) of
5 mM K3Fe(CN)6 and 0.1 M Sr(NO3)2 in an emulsion of water and F54
surfactant. The interface between the solution and the surface of the glass
is highlighted with a dashed line in frame 1. The current at the platinum
electrode recorded simultaneously with these images is presented in
Fig. 4, in which the labelled symbols represent the time of each frame.
The exposure time of each frame was 1/44 000 s.
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as the foulant is removed. The tMS can be seen leaving the pore
as streamlines, particularly in frame 8. Between frames 8 and 9
the tMS is totally removed from the pore, which is evidenced by
the increase in normalised current, shown in Fig. 4.

The data presented in Fig. 4 and 5 clearly indicate that the
rapid decontamination of the structure is associated with
bubble ingress into the foulant within the pore. It is interesting
to look at this process in more detail.

Fig. 6 shows consecutive images taken at 3000 frames s�1

where the first image is at t = 0.2576 s (i.e. between frames 3 and
4 in Fig. 5). This sequence shows the first entry of bubbles into
the pore. Frame 1 shows the pore full of foulant and in frame
2 a bubble (labelled ‘B2’) can be seen to have entered the pore.
This bubble moves down the side of the pore before a second
bubble (labelled ‘B3’) enters the pore in frame 5, which also
moves down into the pore. There is some evidence of bubble
oscillation within the pore. Comparing frames 8 and 9, the
bubble on the left of the pore appears bigger in frame 8 than in
frame 9, although exact imaging of the bubble dynamics within
this structure is limited by the geometry and size of the
micropore as well as the lighting, frame rate and dimensions
of the bubbles in question (here estimated to be of the order of
10 mm in diameter). Fig. 7 shows the situation in the pore a
small time later, at t = 0.273 s. This is still between frames 3 and

4 in Fig. 5. By this time a group of bubbles exists within the
foulant, highlighted by the dashed circle in frame 1. This
includes the two bubbles that were noted in Fig. 6 (B2 and
B3), although by this time they have translated away from the
pore walls and towards the centre. All these bubbles undergo
clear oscillations in radius due to the acoustic field present
(compare frames 1, 2 and 3). In frame 6 another bubble is seen
entering the pore (labelled ‘B4’). This bubble travels rapidly
into the pore and appears to coalesce with the existing bubbles
in frames 7, 8 and 9. Note care must be taken here as it
is possible that the bubble has moved behind the existing
bubbles in the pore. Nevertheless these frames clearly show
the process of acoustic bubble entrapment and oscillation
within the pore, which leads to decontamination.

A further pore was fabricated to probe the limits of ultra-
sonic decontamination. In this case the pore had dimensions of
50 mm � 200 mm (aspect ratio 4.0). The pore was loaded with
tMS and exposed to ultrasound as above. It was found that the
decontamination time was longer (0.85 s compared with 0.43 s

Fig. 6 Nine consecutive images taken from high-speed imaging of a
contaminated glass pore (see Fig. 5 for details of the frame layout) showing
bubble trapping. The images were recorded simultaneously with the
current data presented in Fig. 4. The first image was taken at t =
0.2576 s (i.e. between frames 3 and 4 in Fig. 4) and the capture rate was
3000 fps so the sequence covers 2.6 ms). A bubble (B2) can be seen to
enter the pore in frame 2, which oscillates in size (compare frame 5 and 8,
for example) and moves down into the pore. In frame 5 a second bubble
(B3) can be seen entering the pore.

Fig. 7 Nine consecutive images taken from high-speed imaging of a
contaminated glass pore (see Fig. 5 for details of the frame layout) showing
further bubble trapping and coalescence. The images were recorded
simultaneously with the current data presented in Fig. 4. The first image
was taken at t = 0.273 s (i.e. between frames 3 and 4 in Fig. 4) and the
capture rate was 3000 fps so the sequence covers 2.6 ms. A group of
bubbles can be seen in the contamination within the pore (highlighted with
the dotted circle in frame 1. These oscillate in size (compare frames 1, 2
and 3 for example). Between frames 5 and 6 a large bubble (B4) enters the
pore, which moves down into the pore and eventually appears to coalesce
with the existing bubbles.
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for the 125 mm pore and 0.15 s for the 500 mm pore). However,
after this delay the current recorded using the electrode at the
base of the pore quickly rose to the same as that recorded at a
clean pore indicating effective decontamination.

Clearly in the presence of ultrasound produced by this
experimental arrangement, bubbles are quickly entrapped in
the structure employed within these experiments leading to
decontamination and it would seem useful to consider the
reasons for this particular behaviour. The bubbles in question
exist in a complex environment with a variety of forces acting
upon them. However, the acoustic excitement of the bubbles
plays a key role in the process. In order to understand this,
consider a bubble oscillating close to an infinite plane boundary
that is acoustically rigid. The pressure field emitted by the bubble
will be reflected by the surface to generate an image bubble,
which appears to oscillate in phase with the real bubble. The real
bubble and image bubble are attracted to each other through
mutual radiation forces and as a result the real bubble will be
attracted to the rigid surface.52 Here, this effect leads to bubbles
in the solution, which are close to the electrode substrate being
attracted to the surface.47 Once there, the bubbles migrate across
the surface and can enter the micropore. In fact bubbles will be
actively attracted to the pore as the attractive force is greater due
to the presence of multiple image bubbles in the structure
(because the diameter of the pore is less than a wavelength, the
sound field53,54 inside is relatively simple and will produce a net
attractive force). Once inside the pore the bubbles continue to
oscillate (see Fig. 7) and drive out contamination. It is also
expected that following the onset of ultrasonic irradiation of
a sufficient pressure amplitude, surface waves (for example
Faraday waves) rapidly grow on the gas/liquid interface of the
bubbles concerned.55 It is interesting to speculate that the shear
forces associated with these surface waves play a role in the
decontamination process. However, the limitations in resolution
and frame rate of the high-speed imaging employed here
together with the curved nature of the pore mean it is difficult
to confirm this in the results presented.

Conclusions

The decontamination of micropores has been studied using
electrochemistry and high-speed imaging. In the case of a large
pore (500 mm � 400 mm, aspect ratio = 0.8) the effect of bulk
fluid flow and ultrasound has been compared and it was found
that ultrasound is far more effective. With ultrasound, the pore
is decontaminated on a sub-second time scale whereas in the
case of bulk fluid flow alone, exposure for more than 1000 s did
not fully decontaminate the pore. The physical mechanisms
responsible for the efficient ultrasonic decontamination were
further studied using a smaller pore with a higher aspect ratio
(125 mm � 350 mm, aspect ratio = 2.8). It was found that
contamination was easily removed from the surface of the
substrate by bulk flow alone. However, decontamination of
the pore did not occur until acoustically active bubbles became
trapped in the foulant employed. Oscillation of these trapped

bubbles led to the removal of contamination from the pore.
A further experiment with an even smaller pore (50 mm � 200 mm,
aspect ratio = 4.0) showed that ultrasound was still effective at this
scale but took longer than the larger pores investigated.
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