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High-Pressure Sonoelectrochemistry in Aqueous Solution: Soft Cavitation under C9
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A novel high-pressure sonoelectrochemical cell has been developed in order to study the effect of pressure
on cavitation and acoustic streaming in electrochemical processes. The reversible one electron reduction of
a solution of Ru(NH)¢*" in aqueous 0.1 M KCI at a 2Bm diameter Pt microdisk electrode was studied

under up to 60 bar pressure of argon and carbon dioxide and in the presence of ultrasound. The resulting
cathodic current response was interpreted to be composed of a steady macroscopic streaming induced component
and a transient spikelike component detected after the onset of the cavitation. The threshold for the cavitation
process was strongly dependent on pressure and increased monotonically in the presence of argon. However,
the threshold appeared at lower ultrasound power when pressurizing with carbon dioxide and even decreased
at higher pressures-@0 bar) in the presence of GOThe analysis of the observed phenomena is possible

in terms of the mechanical pressure, the surface tension, and the formation of a liqugh&xe.

Introduction blocks (A—C) and is entirely constructed with materials inert

. . i to most organic solvents and acidic or basic media.

The methodological overlap of ultrasonic irradiation and ; L .
electrochemical techniques offers several major advantages over BIOCK A consists of a titanium block, shaped to contain the
conventional electroanalytical techniqdeThe activation and ~ WOrking electrode (6), a 2bm diameter Pt wire (Goodfellow)
cleaning of electrode surfacdshe removal of gas bubbles ~Sealed in a glass tube (6 mm o.d., 1 mm i.d.). A silver wire
evolving at the electrodgand improvements in mass transport Welded to the Pt microwire acts as an external contact. The
to the electrode through acoustic streaming phenomena and"igh-pressure sealing for the mmroe!ectrode is achieved through
cavitatiort have been described. Beneficial effects of ultrasound P TFE gaskets (5) compressed by titanium washers against the
on electroplating;® electrosynthesis8 and electropolymeriza- glass tube and the walls of the Ti b]ock. A brass nut (14) exerts
tion® and fundamental studies on the mechanisms by which the necessary pressure on the Ti washers to keep the sealing
ultrasound can modify electrochemical reactions have beenightly closed. A brass counternut (15) prevents the microelec-
reportedi trod(_a tubing from being ejected from the cell due to the high

However, the appealing effects of ultrasound on mass @Pplied pressure.
transport and surface properties have hitherto always been Block B includes a titanium body that contains a couple of
limited to atmospheric pressure conditions. The combination sapphire windows (3), each one glued (UHU) to a titanium
of high-pressure and ultrasound assisted electrochemistry ex-counternut. The windows compress a PTFE washer (4) against
p|0red in the present Study is intended to contribute to the the titanium body in order to achieve the desired Sealing. In
development of processes under nonclassical conditions and/othis way visual observations of the cell interior are possible
in new reaction medi&t with potential applications in techno- ~ under high pressure.
logical problems involving high-pressure and supercritical ~ Three HPLC inlets (only one shown in Figure 1) fogs in.

electrochemistry. tubing (7) are used for the Ag quasi-reference electrode, the
gas inlet, and a temperature sensor. The quasi-reference
Experimental Section electrode wa a 1 mmdiameter silver wire (Goodfellow) coiled

around the glass tube of the microdisk working electrode. The
high-pressure sealing was achieved with a PTFE cone and a
Y16 in. LiteTouch PEEK nut (Upchurch Scientific). PEEK
tubing of /16 in. 0.d. and 0.01 in. i.d. (Upchurch) was used to
deliver the gases to the cell through one of the inlets. Blocks
A and B are tightly held in place through five tensile bolts

Reagents. The electrochemical experiments were performed
using high-purity water of resistivity not less than 182tm
(Elgastat, High Wycombe, Bucks), hexaammineruthenium(lll)
chloride (98%, Aldrich), potassium chloride (8%, Aldrich),
Pureshield argon (BOC Gases), and carbon dioxide-#9The
Distillers Co.). Solutions were purged with carbon dioxide or . . . .
argon at 1 bar ambient pressure before being transferred into_0MMPressing a 0.5 mm gold O-ring s0 as o provide an effective

the sonoelectrochemical cell in order to presaturate them with pressure Sea"”g-
the selected gas. Block C contains the ultrasound source. A VC100 ultrasound

Cell Design. In Figure 1 the geometry of the high-pressure generator (Sonics and Materials) converts 50/60 Hz mains

sonoelectrochemical cell is shown. It consists of three main Voltage to a 20 kHz signal which is transmitted to the
piezoelectric transducer. The resonating horn probe (2) is of

t Unidad de Actividad Qimica. 14 cm overall length and ends & 3 mmdiameter tip immersed
* Oxford University. in the aqueous solution. A PTFE cone (11) compressing the
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Figure 2. Calibration of the ultrasonic signal output by relating the
temperature rise after a short period of sonication and thermal
equilibration of the cell (given in temperature rise (K) per sonication
period (s)) and the approximate intensity (W @y calculated with a
heat capacity estimate for the system, as a function of the nominal
power.
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the amount of power delivered from the ultrasonic source into
the system, the rise in temperature€l] of the cell and 11 ch
of water after a short period of ultrasonic irradiation was
correlated with the intensity of the source. At ambient pressure
a linear relation betweeAT and the ultrasound intensity was
observed between 20 and 80% of the maximum power available
(see Figure 2). From the measured temperature rise after a short
sonication period the approximate intensity of the horn probe
could be estimated by assuming that the cell body (ca. 33p cm
and the water (ca. 11 &nconverge toward thermal equilibrium.
The results (shown in Figure 2) are probably lower limits and
consistent with those described for similar horn probes immersed
in an aqueous solutiol. The effect of applied pressure on the
ultrasound intensity emitted from the horn probe appeared not
to be significant on the basis of the data obtained with argon as
the pressurizing gas (vide infra). However, this effect may not
always be assumed to remain small, and depending on the horn
probe diameter and the range of pressures employed, the
calibration procedure has to consider pressure effects.
Instrumentation. Pressure was monitored with a850 bar
EPX pressure transducer (Entran Devices) mounted on a
stainless steel support. The pressure accuracy#aS bar
for all measurements. The temperature inside the sonoelectro-
chemical cell was registered with a CAL 3200 temperature
controller (CAL Controls) and a K-type thermocouple inserted
in 1.5 mm stainless steel tubing. The thermocouple was
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Figure 1. Schematic drawing (1:2 scale) of the high-pressure sono-
electrochemical cell: (1) Ultrasound converter; (2) tip horn; (3) sapphire
window; (4) PTFE O-ring; (5) PTFE gaskets and Ti washers; (6) 25

positioned 5 mm away from the horn tip, so that temperature
changes due to mechanical energy that dissipated into heat could
be recorded. AYs in. PEEK ferrule and LiteTouch nut

um Pt microelectrode; (7) inlet; (8) brass threaded bars; (9) PTFE
washer; (10) aluminum disk; (18, in. PTFE cone; (12) titanium
double nut; (13) titanium counternut; (14) brass nut; (15) brass
counternut; (16) tensile bolt; (17) gold O-ring.

(Upchurch) proved to be an effective pressure seal for the
thermocouple.
Electrochemical data were recorded using a bipotentiostat

I fth frective hiah (Oxford Electrodes), configured in such a way that the horn
ain. diameter body of the probe proved to be a effective high- e nvial (second working electrode) was g0tV versus the
pressure seal for the horn. Another PTFE cone (11) was used

hold th be i ¢ . d th crodisk Ag pseudo-reference electrode to avoid undetected currents
to IS' t Ie prode n a age-on Epsmon tO\f/var the m;cro 'Sh flowing to or from the horn tip. The current follower employed
working electrode situated at a distance of ca. 2 mm from the 55yeq data acquisition of nondistorted signals down to a 10

horrrll. h . umi ik us time scale. The currenvoltage output was recorded either
Three threaded bars (8) compressing two aluminum disks (10)\yith 5 PL3 Plotter (LIloyd Instruments) for voltammograms or

were used to position the hom pr_obe within the cell. A PTFE i, 5 Gould 1600 Oscilloscope (10 MHz, Gould Electronics)
washer (9) separated the metallic case of the converter from¢ . e resolved measurements.

the aluminum disk to achieve electrical insulation of the cell
body from the transducer. The body of the electrochemical cell
was used as the auxiliary electrode.

The volume of the high-pressure electrochemical cell was To study the effect of pressurizing the sonoelectrochemical
ca. 15 cm. The cell was tested up to 100 bar pressure without cell with argon and carbon dioxide, an inert redox probe with
any noticeable leak over a period of several hours. To quantify a well-defined electrochemical response at a Pt electrode in

Results and Discussion
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Figure 4. Time dependent response for the reduction of 1 mM Ru-
(NH3)6Cl3 in 0.1 M KCI aqueous solution at a 2om diameter Pt
microdisk electrode. Conditions: G43 bar, (a) E (vs pseudo-Ag)
= +200 mV, silent; (b)-600 mV, silent; (c)~600 mV, 20% relative

B A power; (d)—600 mV, 40% relative power; Ar, 4.1 bar, (a) E (vs pseudo-
-0.6 +0.1 -0.6 401 Ag) = +200 mV, silent, (b)-600 mV, silent, (c)—600 mV, 30%
E/Vvs. Ag (QRE)  E/V vs. Ag (QRE) relative power, (d)-600 mV, 40% relative power. Current traces are
Figure 3. Cyclic voltammograms for the reduction of 1 mM Ru(})k not on a common scale and are referenced by a dotted line.
Cls in 0.1 M KCI aqueous solution obtained at a 26 diameter Pt o
microdisk electrode at 20C. Scan rate, 50 mV/s. Conditions: O In the presence of ultrasound, the mean transport limited

8.3 bar, (a) silent, (b) 1%, (c) 10%, (d) 20%, and (e) 30% relative current is remarkably increased as compared to the silent case
ultrasound power; Ar, 8.9 bar, (a) silent, (b) 10%, (c) 30%, (d) 50%, (Figure 3). After switching on the ultrasound power, two
and (e) 60% relative ultrasound power. different types of behavior were observed. First, at a given
pressure and at low ultrasonic power, no cavitation occurred
on the basis of the absence of current fluctuation as well as on
visual observation through the sapphire window of the cell.
3 a - Under these conditions, only convection possibly due to
Ru(NHy)g™" +e = Ru(NHy)g 1) macroscopic acoustic streamifigvas revealed through an
increased limiting current compared to silent conditions. The
This “electrochemical probe” can be used to reliably detect flow rate responsible for the observed increase of current which
ultrasound induced mass transport phenomena at the elecmay be estimated on the basis of a diffusion layer thickness of
trodgsolution interface and the threshold at which bubble ca. 10um and on the equation for the “wall tube” geométry

aqueous media is required and the reversible RuyNH2"
redox couple was employéd.

growth, expansion, and collapse starts to occumtense is found on the order of 10 cnti Acoustic streaming is an
ultrasound is known to cause a multitude of complex phenomenaeffect induced by sound absorption and strongly dependent on
such as turbulent flow# bubble oscillation, and cavitatidf,6 the horn and cell geometry, with smaller horn diameters causing

leading to the generation of microjets and shock waves, which more facile streaming. Second, after a pressure dependent
are partly responsible for the massive increase in the rate ofthreshold in ultrasound power, the onset of cavitation at the
mass transport observed in electrochemical experiments. electrodé¢solution interface is observed as a jump in the limiting

Cyclic voltammograms recorded in the presence of ultrasound current and additional current spikes are detected (Figure 3e).
differ considerably from those recorded under silent conditions. However, the Faradaic current response described by the
In Figure 3 cyclic voltammograms for the reduction of Ru- cyclic voltammograms is a time-averaged value of a rapidly
(NH3)e®" in aqueous 0.1 M KCI at a 2bm diameter Pt disk  fluctuating current. The transient current components are more
electrode and at ca. 8 bar under silent conditions are shown.clearly resolved when a fixed potential ef0.6 V vs Ag-
Well-defined sigmoidally shaped near-steady-state responsegseudoreference is applied and the time-dependent signal is
were detected. The limiting current for these responses was inrecorded with an oscilloscope (Figure 4). The current traces
close agreement (within 5%) with those predicted for a diffusion shown are recorded in the presence of carbon dioxide (41.3 bar)
coefficient® Dgy = 9.1 x 10~ 1m?2s™L. Due to the relatively ~ and argon (4.1 bar). The presence of cavitation events at higher
high scan rate of 50 mV-3 which has been used in order to ultrasound power is obvious, and a considerable difference in
minimize possible thermal effects, this deviation from the ideal the magnitude of the cavitation induced current spikes can be
steady-state limiting current may be accepted. A change in seen. The magnitude of these current spikes appears to be about
pressure of up to 60 bar did not alter the diffusion-limited current twice that of the steady background current in the presence of
for the reduction process under silent conditions and is not carbon dioxide at 41.3 bar pressure and in the presence of argon
expected to alter the diffusion coefficient significantly. at 4.1 bar pressure.
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9r | | pressurizing fluid very similar to a “mechanical pump”. The

8} | / effect of applying an argon pressure affects the cavitation
7t ! ‘ threshold mainly in terms of pressure variation. When the
s 6f / pressure is increased, higher ultrasound intensities are needed
S ‘ . ! to make the cavitation process appear to be in qualitative
j 4r | agreement with proposed models for cavita@n.

° Gavitation i Gavitation A simple approach for describing the onset of the explosive

2 e o e growth of a bubble, which may be regarded as the initial phase

r i i before cavitational collapse can occur, is the so-called Blake

%20 40 60 80 100 threshold pressurePg). It assumes that only the external

Relative power (%) pressure ), the vapor pressurdP(), the surface tensiorsj,
Figure 5. Effect of the onset of cavitation on tHendlsient ratio for and the equilibrium radius of the bubbl&} determine the

tzhoe fgdUCCtiOCT of 1 ml\cﬂgléz(gNsbi%CIS i(rl)O-l M KCI aqueZl;S soluionat  necessary negative pressure in the liqudg)(to produce an
°C. Conditions: .3 bar, no cavitation, cavitation : : .
observed; Ar, 8.9 barl) no cavitation, [0) cavitation observed. explosive expansion of a bubtié:

9 4 3 o 1/2
L roor J70 P, =P,— Pg =P, —50[20/3R,|P, + 25— P, (2)
2 90| 5 3 R,
g.‘ 8ol 160 g
i 70 450 § To describe such behavior fully, the inertial and viscous effects
260t ar/ co, _m 1@ of the liquid have to be included. The Blake model ignores
G s0F - BN 2 these, so restricting its application to the limit of very small
2 u L) o . .
£ 40r D 10 = bubbles. In these, the pressure induced by the surface tension
g 30 (] . loo % P, = 20/R, tends to very large values, thereby dominating the
5 20F ] 3 other effects. Thus
= . L 410 =
; 10
O 9 1 1 . \ . 0 o

0 10 20 30 40 50 60 PB N PO _|_ 077_ (3)

P/bar

Figure 6. Plot of the variation of the cavitational threshold for a 1

mM Ru(NHz)6Cls in 0.1 M KCI aqueous solution at 2« as a function ; ot : ;
of pressure for argoru) and carbon dioxidel). Also shown is the Therefore an increase of the cavitation threshold with applied

interfacial tension for the system GOH,0 (O) at 20°C as a function pressure is _eXPeCted_- However, as will be S_hown for the case
of pressure, after interpolation of data from ref 26. of carbon dioxide, this simple rule may be violated.
Being considerably more soluble, carbon dioxide exhibits a
The onset of cavitation at the electr¢gsi@ution interface was  quite different behavior compared to argon. In Figure 6 it can
detected reproducibly at a threshold of ultrasonic power which be seen that although an initial rise in the cavitation threshold
changed with the applied pressure and the type of gas presentwith pressure occurs, it is substantially less pronounced. This
Although a consistent picture emerged from the electrochemical effect is believed to be related to the change in surface tension
detection of cavitation events and from noise and visual of the aqueous phase (see eq 3) which is more pronounced in
observations, it has to be stressed that the threshold for cavitationthe presence of CO Further, at an applied pressure of ca. 40
at a soligsolution interface may be significantly lower compared  par the cavitation threshold suddenly decreases with increasing
to the threshold for cavitation in bulk solution. In a solution pressure. The purely mechanical pressure effect observed for
phase impurities such as dust particles are commonly believedyrgon appears to be opposed by the fact that the high sol@ility
to be the sites where nucleation of cavitation bubbles occurs. of co, provides a more effective medium for cavitation. Thus,
However, at a soligolution interface the flow of the liquid ¢ 5 given pressure, the onset of cavitation for carbon dioxide
creates an additional tension which, under extreme condltlons,{lepe&lrS always at lower ultrasound power compared to argon.
can be sufficient to cause cavitation even in the absence of -, comparison, the Henry’s law constant ratio for argon and
sound. . . _ carbon dioxide K°(Ar)/(ks°(COy)] is about 15 at 20°C.1922
In Figure 5 typical traces for the change in average limiting For CO, the hydrolysis process to produceGDs, HCOs~
current with applied sound intensity for .8'3 bar Q’ﬁhd for ._and CQé* species may be neglected due to the 'small vaiue of
3;362?(; dA;n?jreaS":]?nwni.n ![rr:egﬁ:w?triﬁll iﬂrrﬂﬁie:r?: t'rr:ecg;r::tt cI)? the hydrolysis constant$;?4indicating that the extent of this
Ljump r 9 o hydration process under the conditions considered would be
current fluctuations indicate the threshold for cavitation at the o S ) .
negligible. Therefore carbon dioxide dissolved in water appears

interface. With these criteria, the cavitation threshold was o act as an efficient promoter for cavitation events which are
defined as the relative power halfway between the highest power o
P Y g P detected at the electrogelution interface.

at which cavitation was not observed and the lower power
needed to produce cavitation. In addition to this observation, as another feature at high
The effect of pressurizing the sonoelectrochemical cell either Pressure of C@above 40 bar, a decrease in the cavitation
with argon or carbon dioxide on the threshold for cavitation is threshold was noticed. As the pressure is increased for a system
shown in Figure 6. A very dramatic difference even at low characterized by a point below line E in the phase diagtam
applied pressures can be seen. In the presence of argon a nearfgee Figure 7), there will be two phases with a composition
linear increase suggests a strong influence of the pressure angiven by the line B (aqueous phase) and the line C (gaseous
at a relatively mild 30 bar level cavitation could not be induced phase). At a pressure of about-585 bar line E indicates the
anymore with the available ultrasound power. The low solubil- formation of a new liquid phase, a carbon dioxide rich liquid,
ity of argon in water at room temperatéfemakes this in what is now a three phase system. The pressure fluctuation

Ro
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Figure 7. Schematic phase diagram for the systemy€B,0 below
the critical temperature of carbon dioxide, adapted from data in ref 25.

TABLE 1: Interfacial Tension Data for the System
CO,—H,0 at 20 °C Interpolated from Data at 5, 10, 15, and
25 °C Taken from Ref 26

P (bar) y (MN/m) P (bar) y (MN/m)
5.0 70.1 41.4 45.4
15.0 64.3 48.3 30.8
25.0 57.7 51.0 14.5
35.0 50.1 55.2 20.1

Goldfarb et al.

add to these effects. On the other hand the magnitude of the
induced current spike in time-resolved amperometric traces
appears not to be strongly linked to the violence of the cavitation
process, and current enhancement remains significant.

Conclusions

High-pressure sonoelectrochemical experiments up to 100 bar
static pressure and employing high-intensity ultrasound emitted
from an ultrasonic horn probe are possible in a novel versatile
cell arrangement. The effect of pressure on an electrochemical
process in an aqueous medium and in the presence of ultrasound
has been shown to be strongly dependent on the type of
pressurizing gas. In the presence of carbon dioxide the threshold
for cavitation becomes rather low at pressures near the region
of phase formation, and a corresponding increase in the average
limiting current may be achieved at relatively low ultrasound
intensity.

A correlation between the ultrasound power needed to
produce cavitation at the electrgdelution interface and the
interfacial tension of the solution phase has been detected. Due

due to the pressure amplitude of the sound wave may beto the current enhancement detected even in the presence of

estimated from the expressin

| =P,%/pc (4)
In this equatiorP, denotes the pressure amplitugehe density,
andc the velocity of sound in water. For a relative power of
100% or a corresponding intensity of ca. 69 Wer(see Figure

2), the pressure amplitude in the vicinity of the horn probe may
be estimated on the order of 10 bar.

Therefore the transition

“soft” cavitation, other systems such as liquids near the critical
point could be very suitable solvents for efficient sonoelectro-
chemical processes, even at high applied pressures.
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