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Mass transfer enhancement at vibrating electrodes
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Abstract

The potential for reducing mass transfer limitation at vertical electrodes through the application of vibrations was investigated using
the limiting current technique. A wide range of experimental conditions was used (frequencies of 0–25 Hz, amplitudes of 0–20 mm, and
electrode heights of 3–130 mm) and both the instantaneous and the average mass transfer rates were measured.

Up to 23-fold increase in the average rate of mass transfer was achieved by vibrating the flat vertical plates parallel to their surfaces.
The results obtained were well correlated using a quasi-steady state approach for mass transfer across a boundary layer over a flat plate
where the average vibrational velocity over a cycle was used as a characteristic velocity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The application of vibrations, sonics, and ultrasonics has
been recognized as an effective process intensification (PI)
technique that enhances mass and heat transfer rates, and im-
proves both process productivity and product quality[1–10].
Their use in electrochemical processing[11–20]has been of
particular interest due to their ability to reduce diffusion con-
trolled processes which limits both the maximum allowable
current density and the cell energy efficiency. This is partic-
ularly true for dilute solutions where the low concentration
of the active species necessitates the use of electrodes with
large surface area, or increased fluid pumping/recirculation,
approaches which result in higher capital and processing
costs. The use of vibration minimizes such needs by inten-
sifying mass transfer at the solid–liquid interface which, in
turn, reduces the required processing size and enhances the
process safety.

Controlled vibrations technique has been applied in many
electrochemical processes, and several patents have been
granted for different arrangement and approaches for its use.
These includes electroplating, production of fine metallic
powders, metal recovery from bio-leaching solutions, and
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treatment of wastewater effluents[4,12,17]. It was also found
to be beneficial in conducting controlled electro-organic
synthesis[21,22], and more recently in the manufacture of
Printed Wiring Board where electroplating is re-emerging
of as the preferred technology for producing “Sub-Micron
Multi-Level Metallization” in ultra large scale integration
[23–25].

In all of the above mentioned applications, generating of
an oscillatory field at the solid–liquid interface is achieved
by vibrating either the solid surface or the fluid surrounding
it. Although both approaches achieve the same objective, the
former is more energy efficient since the energy dissipation
there is mainly focused in the boundary layer adjacent to
the solid–liquid interface rather than in the bulk of the fluid
medium. When the power needed to vibrate the electrode
was taken into consideration, Al Taweel et al.[16] found
that both amplitude and frequency have almost equal effect
on the enhancement obtained per unit power consumed.

Although the influence of hydrodynamics on the transport
mechanisms in electrochemical cells has been the subject of
many scientific and industrial investigations[26,27], the sit-
uation is different for cells where vibration is used for mass
transfer enhancement, and some deficiency still exist in un-
derstanding the contribution of the different mechanisms to
the overall enhancement factor. For example, and as shown
by Al Taweel and co-workers[9,17]and Drummond and Ly-
man[28], mass transfer enhancement due to the formation
of turbulent eddies is significantly different from that caused
by acoustic streaming and boundary layer thinning, and the
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Nomenclature

a electrode active surface area (mm2)
A amplitude of electrode vibration (mm)
CB bulk concentration of the ferri-ferrocyanide

(mol/mm3)
�C concentration difference (mol/mm3)
D diffusion coefficient (mm2/s)
E mass transfer enhancement factor
f frequency of electrode vibration (Hz)
F Faraday’s constant (C/eq.)
G acceleration of gravity (cm/s2)
Gr Grashof number (α �CgL3/ν2)
IL limiting current (C/s)
Knc free convective mass transfer coefficient

(mm/s)
Kv vibrational mass transfer coefficient (mm/s)
L length of electrode active area (mm)
n number of electrons transferred in the

electrode reaction
Rev vibrational Reynolds number
S(t) shear rate at the solid–liquid interface (s−1)
Sc Schmidt number (ν/D)
Shnc natural convection Sherwood number (kncL/D)
Shv vibrational Sherwood number (kvL/D)

Greek letters
α concentration coefficient of volumetric

expansion (mm3/mol)
ν kinematic viscosity (mm2/s)
ω circular frequency of vibration, 2πF (s−1)

Subscripts
nc natural convection
v vibrational

parameters affecting the two approaches are also signif-
icantly different. This should be taken into consideration
while interpreting and scaling up of the results, a task that
could be extremely complex if more than one mechanism
exists. The lack of proper understanding of such an issue
resulted in large disagreement between the various inves-
tigators, such as the case when comparing results for tra-
verse vibrations[29], with those in which the electrodes
were vibrated parallel to their surfaces[30,17,18]. Proper
understanding of the enhancement mechanism is necessary
in order to allow for the development of proper scale-up
methodologies and for achieving the full potential of using
controlled vibration as a process intensification tool.

The objective of this work is to address the above defi-
ciency by attempting to investigate the contribution of a spe-
cific mass transfer mechanism to the overall enhancement
factor with minimum interaction or presence of the other
mechanisms. To achieve that, the effect of longitudinal vi-
bration on the mass transfer enhancement was investigated

using specially-designed flat electrodes that eliminate acous-
tic streaming, the formation of turbulent eddies, and mini-
mizes the effects of the plate’s leading edge. This allows for
better understanding of the contribution of shear reversal to
the mass transfer enhancement at flat surfaces in absence of
other mechanisms related to bodies of revolutions, or those
related to the formation and impingement of turbulent ed-
dies.

2. Experimental

Because of its accuracy and relative simplicity, the mass
transfer coefficient was measured using the limiting current
technique. The experimental set-up used is schematically
depicted inFig. 1. It consists of three main subsections:
the electrolytic cell, the vibration inducing system, and
the power supply/current-measurement system. Measure-
ments were conducted in a 30 l rectangular Plexiglas tank
(400 mm×250 mm×345 mm) filled with 0.01 M potassium
ferri-ferrocyanide in a 2 M sodium hydroxide solution. This
system was selected because of its fast electron transfer
kinetics and the consequent ability to monitor very rapid
variations in mass transfer rates, a situation that is expected
to be of significant importance in the present investigation.
Furthermore, this system has the advantage of maintaining
the concentration of both chemicals constant throughout the
experiment since ferricyanide is reduced to ferrocyanide at
the cathode surface while the reverse reaction occurs at the
anode surface.

The cell was covered with black plastic film to protect
against photochemical decomposition of the electrolyte. The
container cover was designed to hold a reference probe, a ni-
trogen sparger, a thermometer, and was equipped with a spe-
cial opening to allow for the free movement of the working
electrode. To reduce the effect of dissolved oxygen, freshly
prepared solutions were purged with oxygen-free nitrogen
for 12 h before its use. Moreover, nitrogen purge was also
applied for half an hour before the start of any experiment
to de-oxygenate the headspace. To ensure chemical compo-
sition stability, a new solution was prepared weekly, and the
concentration was checked as per standard procedures at the
beginning and at the end of each week.

A 300 mm× 425 mm nickel sheet was attached to cell
wall opposite the electrode and served as a stationary an-
ode. Eight active cathodes (varying in height between 3 and
130 mm) were made out of nickel sheet (30 mm wide) and
embedded into a 50 mm Plexiglas carrier plate in a fashion
that ensured the absence of any surface deformity. The lead-
ing edge of the Plexiglas carrier plate was tapered to elimi-
nate streaming and eddy generation at the vibrating leading
edge. The effect of this interference on the measurements
was further minimized by placing the active cathode surface
at least 50 mm away from the leading edge. Two perpen-
dicular ribs were also added to the back of the carrier plate
in order to eliminate the onset of lateral vibrations, a factor
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Fig. 1. Schematic diagram of the experimental set-up.

which is suspected to have interfered with the results of Al
Taweel and co-workers [16,17].

Princeton Applied Research Corp. potentiostat was used
to set and maintain the potential difference between the cath-
ode and the solution. The counter electrode was made of a
nickel rod located at the mid-height of the cathode. Due to
the high conductivity of the electrolyte, changing the probe’s
position was found to have no effect on the current den-
sity. The response time of the instrument (<1 ms) is much
smaller than that of the vibrational motion, thereby allowing
for accurate measurement of the transient current density
with time. The instantaneous current signal was recorded. A
high frequency filter was used to eliminate high-frequency
signal noise while the high precision ammeter included in
the potentiostat measured the average current.

The Plexiglas carrier plates, in which the electrodes are
embedded, were vibrated in the vertical direction using an
adjustable eccentric driven by a variable speed motor. This
arrangement allowed for a wide range of vibratory condi-
tions to be imparted to the electrodes (f = 0–25 Hz, and
A = 0–20 mm). This motion was monitored using an ac-
celerometer attached to the drive shaft and the resulting sig-
nal was stored on the same storage system used for recording
the instantaneous value of the limiting current. Both the lim-
iting current and the velocity signals were simultaneously
displayed on the same window. This allowed for the accu-
rate determination of the shape and magnitude of instanta-
neous vibrational frequency and the corresponding limiting
current.

2.1. Experimental procedure

In order to enhance the reproducibility of results, it is nec-
essary to maintain the surface conditions of the electrode

as uniform as possible. Consequently, for each experimen-
tal run, the cathode surface was polished with increasingly
fine grades of emery paper/paste and treated cathodically in
a 5% NaOH solution at a current density of 20 mA/cm2 for
about 15 min in order to allow for hydrogen evolution and
surface activation. The cathode was then rinsed with dis-
tilled water and placed in the cell. Similarly, the anode was
cleaned with fine emery paper and rinsed with distilled wa-
ter before placing it into the cell. This resulted in decreasing
the reproducibility error to within ±3%.

Experiments were conducted at 25±0.5 ◦C using a poten-
tiostatic approach (at a cell potential of 500 mV). This po-
tential lies approximately at the midpoint of the plateau zone
of the current–voltage curve. For each electrode height the
steady-state limiting current was measured under stationary
electrode conditions to determine the free convective mass
transfer coefficient for that particular electrode height. The
effect of vibration on the limiting current was then measured
for a range of vibrational frequencies at particular ampli-
tudes.

2.2. Mass transfer calculations

The electrode chemical reactions taking place in the
above-mentioned system is such that ferricyanide is re-
duced to ferrocyanide at the cathode surface while the
reverse reaction occurs at the anode surface. At the limiting
current conditions, the concentration of the ferricyanide is
reduced to virtually zero at the cathode surface. The mass
transfer coefficient, k, can, therefore, be calculated from the
following equation,

k = IL

anFCb
(1)
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Fig. 2. Mass transfer at stationary vertical electrodes.

3. Results and discussion

Generally speaking, the rate of mass transfer at a station-
ary vertical electrode surface is controlled by natural con-
vection. To check the accuracy of the experimental set-up,
the free convective mass transfer for stationary non-vibrating
electrodes was measured and compared with long standing
correlations reported in the literature. Under those condi-
tions, the difference in density between the electrolyte near
the cathode surface and that in the bulk induces natural con-
vection. As can be seen from Fig. 2, the results obtained
agree within ±4% with the laminar free convective mass
transfer data for vertical surfaces reported by Fouad and
Gouda [31], after applying the corrections proposed by Sel-
man and Newman [33] and Taylor and Hanratty [32], which
leads to the well known equation for free convection at ver-
tical electrodes, given by,

Shn = 0.67(GrSc)0.25 (2)

3.1. Transient behaviour of the limiting current

The rate of mass transfer at the surface of stationary ver-
tical electrodes is controlled by diffusion through a natural
convection boundary layer created by the density difference
between the reactants and products at the surface of the
electrode. When the electrodes were vibrated, the average
current density was found to increase substantially as either
the frequency or amplitude is increased. Its instantaneous
value exhibited a definite oscillatory component (ac) super-
imposed on a much larger pseudo-steady one (dc). Further-
more, the magnitude and shape of the ac component was
found to be dependent on the electrode height as well as the
vibrational parameters.

The magnitude of the ac component was found to be
much smaller than the dc value within the range of experi-

mental conditions investigated. This is in qualitative agree-
ment with previously reported heat and mass transfer exper-
iments [10,18,34], which suggest that under pseudo-steady
state conditions, the thickness of the diffusion layer, and
consequently the mass transfer flux, undergo relatively lit-
tle changes throughout the vibratory cycle and does not fol-
low the oscillatory velocity which periodically approaches
zero and reverses direction. The interferograms of the heat
transfer boundary layer at a longitudinally vibrating vertical
plate obtained by Prasad and Ramanathan [35] confirmed the
above observation and showed that the boundary layer had
an almost steady thickness that did not significantly change
with time throughout the vibratory cycle.

The shape of the ac mass transfer component, which is
always positive, behaved as a complex composite signal of
two sub-harmonics with characteristic frequencies f and 2f
that varied in magnitude and interaction depending on the
electrode height and vibrational parameters (Fig. 3). Such an
observation also confirms the previously mentioned fact that
the instantaneous mass flux does not follow the surface ve-
locity, which would have resulted in harmonic mass transfer
with a characteristic frequency of 2f. This is also consistent
with the results of Liu et al. [18], who also obtained similar
shapes of the ac component for mass transfer at vibrating
electrodes.

The above authors, however, attributed the phenomenon
to the location of the electrode’s active area in relation to
the leading edge of the reciprocating surface. They thus re-
ported that the ac current component is dominated by a har-
monic of frequency 1f when the electrode active area was
located at the leading edge of the reciprocating plate but is
dominated by a harmonic of 2f frequency in cases where
the active area was placed far away from the leading edge.
Their interpretation was based on the results of Watkins and
Herron [34] where it was shown that the velocity gradient
at the leading edge of an oscillating surface is infinite but
decreases sharply with increasing distance from the leading
edge until it reaches a constant value identical to that of an
infinite plate oscillating at the same frequency and ampli-
tude, i.e. Stokes flows, at a distance A from the leading edge.
The results obtained in the present investigation do not sup-
port the explanation proposed by Liu et al. since, in all of
our experiments, the distance between the leading edge and
the electrode active area was always greater than 2A, and
the presence of the first or second harmonics depended only
on the electrode height and its vibrational parameters.

In light of the above discussion, it seems that such com-
plex behaviour can be best explained in terms of the interac-
tion between two mass transfer mechanisms. The first being
a vibrationally-enhanced steady convective mass transfer
mechanism that does not change direction or magnitude
during the electrode oscillatory cycle, while the second is
an oscillatory one that reverses direction during the cycle.
The relative magnitude and contribution of each mechanism
varies with the electrode height and vibrational parameters.
At this point, no models that are capable of predicting the
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Fig. 3. Temporal variation in limiting current. (a) f = 5 Hz, A = 20 mm,
L = 3 mm; (b) f = 3 Hz, A = 3 mm, L = 5 mm; (c) f = 3 Hz,
A = 3 mm, L = 3 mm.

relative contribution and interaction of each mechanism on
the overall mass transfer value were found.

3.2. Data analysis

Figs. 4 and 5 show the effect of vibrational frequency
and amplitude on the average vibrational mass transfer co-
efficient (kv) for different electrode heights. As can be seen
from those figures, the average mass transfer coefficient in-
creases with increasing either the frequency or the amplitude
of vibration with the extent of enhancement being most pro-
nounced at small electrode heights. The effect of the vibra-
tional amplitude and frequency on the value of the average
mass transfer coefficient was found to be almost the same.
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Fig. 4. Effect of vibrational frequency on the average mass transfer
coefficient (A = 5 mm).

To account for the effect of natural convection in mixed
forced and natural convection, Acrivos [36] indicated that
the ratio (Gr/Re2Sc1/3) is a critical parameter, and that forced
convection prevails if this ratio is <0.1. Prasad and Ra-
manathan [35] showed that the criterion set forth by Acrivos
is also valid for oscillatory flow conditions if the Reynolds
number is defined as the vibrational Reynolds number Rev,

Rev = AωL

ν
(3)
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Fig. 5. Effect of vibrational amplitude on the average mass transfer
coefficient (f = 4.2 Hz).
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In almost all of our experiments, the ratio Gr/Re2
vSc1/3 was

<0.1, therefore, it is reasonable to correlate the data using a
forced convection approach. Previous investigators proposed
several models to account for the increased average transfer
rates between fluids and solid surfaces under oscillatory flow
conditions. The simplest is the Stretched-Film (STFLM)
concept [17], which attributes the mass transfer enhancement
to the formation of an effective film area equivalent to the to-
tal area swept out during each cycle. This model is expected
to apply when high-frequency low-amplitude vibrations are
applied. Under those conditions, the mass transfer can be
correlated using an empirically determined constant λ by,

Shv = Shnc

[
1 + λRev

(
1 + 2A

L

)2
]

(4)

Another approach, usually referred to as the boundary layer
thinning (BLTH), is based on the analogy between mass
and momentum transfer, which leads to the assumption that
the diffusion boundary layer thickness will be reduced in
the presence of oscillatory motion in a manner similar to a
Stokes layer [37]. This approach yields,

Shv = λ′Re1/2
v

(
L

A

)1/2

(5)

The third approach is based the boundary layer (BL) theory,
which under quasi-steady-state conditions and high values
of Sc numbers, yields the one-third power law,

Sh(t) = 0.808

{
S(t)L2

D

}1/3

(6)

where S(t) is the shear rate at the solid–liquid interface.
Al Taweel and Ismail [17] used Eq. (6), and by assuming
Stokes flow conditions to apply, they obtained the following
expression for the time average mass transfer coefficient,

Shv = 0.665Re1/2Sc1/3
(

A

L

)1/6

(7)

This modelling approach applies only for infinitely long
electrodes. A better description of the hydrodynamic con-
ditions may be achieved by assuming that Blasius flow
prevails. Under such conditions, Eq. (6) yields the well
known equation for mass transfer across a boundary layer
over a flat plate given by [38],

Shv = 0.678Re1/2Sc1/3 (8)

By substituting the velocity term in Eq. (8) with the average
vibrational velocity over half a cycle (0.64Aω), the time
average value of Shv can be estimated by,

Shv = 0.542Re1/2
v Sc1/3 (9)

Attempts to use Eqs. (4) and (5) to correlate the experimen-
tal data resulted in average deviation in excess of 50%, a fact
that is consistent with the finding of Al Taweel and Ismail
[17], and Liu et al. [18], where the STFLM approach was

Sh= 0.54 Re1/2Sc1/3
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Fig. 6. Correlation of experimental data Shv = 0.54Re1/2
v Sc1/3.

found to overemphasize the effect of the amplitude, while
the BLTH did not entirely account for its effect. Similarly,
an average deviation of 38% was obtained while attempting
to correlate the data using Eq. (7), which is close to the ob-
servations reported by Liu et al. [18]. However, and as seen
from Fig. 6, the entire set of experimental data (107 runs)
was satisfactorily correlated (with an average relative error
of 8.6%) using the newly developed Eq. (9). This is consis-
tent with the findings of Prasad and Ramanathan [35] in the
case of heat transfer, and is very close to the correlation of
Liu et al. [18] (a coefficient of 0.54 as compared to 0.52 in
their case) who used a copper sulfate/sulfuric acid system
and covered a smaller range of experimental conditions (A =
0.57–2.3 mm, f = 13–36 Hz, and L = 12.7–50.8 mm).
Figs. 7 and 8 show a comparison between the different model

Fig. 7. Comparative evaluation of mass transfer models (L = 130 mm,
A = 5 mm).
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which clearly demonstrates the suitability of using Eq. (9) for
correlating the experimental data. Such a general agreement,
however, may only be considered as an empirical approach
to allow for predicting the effect of vibration on the average
rate of mass transfer. Its major drawback is that it attributes
the mass transfer enhancement solely to the increase in rela-
tive velocity between the phases as induced by the vibratory
motion. The fact that the latter changes direction each cycle
does not explain the experimentally observed augmentation
of the steady-state mass transfer component. Such discrep-
ancies indicate the need for a more elaborate analysis to
satisfactorily explain the mechanism by which transfer rate
enhancement is achieved at vertically vibrating surfaces.

3.3. Mass transfer enhancement

The effectiveness of using vibration as a means for en-
hancing mass transfer may best be expressed by using the
mass transfer enhancement factor (E) given by

E = kv

knc
(10)

Figs. 9–11 show the effect of vibrational frequency and am-
plitude on the mass transfer enhancement factor (E) for dif-
ferent electrode heights. As can be seen from those figures,
mass transfer enhancement increases with increasing either
the frequency or the amplitude of vibration with the extent
of enhancement being most pronounced at small electrode
heights. For example, under the same vibrational conditions
a maximum enhancement factor of about 23 was obtained
for electrodes with a 3 mm active height, whereas the cor-
responding E value is about 8 in the case of electrodes with
130 mm active height. Combining Eqs. (2), (9) and (10), the
enhancement factor E can be expressed as,

E = 0.81Re0.5
v Sc0.083Gr−0.25 (11)
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This correlation compares reasonably well with that ob-
tained by Al Taweel et al. [16] with respect to the effect
of amplitude (an exponent of 0.5 as compared to 0.42 in
their case). On the other hand, their correlation exhibits a
much stronger dependence on vibrational frequency (an ex-
ponent of 1.09 as compared to 0.5 in our case). This could
probably be attributed to the onset of lateral electrode vibra-
tions at its resonant frequency, a factor that would provide
additional mass transfer enhancement around the natural
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Frequency = 4.2 Hz

0

2

4

6

8

10

12

14

16

18

20

0 10 20 30

Amplitude A, mm

M
as

s 
T

ra
n

sf
er

 E
n

h
an

ce
m

en
t

F
ac

to
r,

 E

L= 130 mm

L= 50 mm

L= 3 mm

Fig. 11. Effect of vibrational amplitude on the mass transfer enhancement
factor (f = 4.2 Hz).

resonance frequency. The use of lateral ribs in the present
investigation (to eliminate the occurrence of this extraneous
and uncontrollable factor) resulted in eliminating this source
of error in our experimental results.

4. Conclusions

Based on the above mentioned findings it is possible the
reach following conclusions:

• The mass transfer rate at vertical surfaces can be sig-
nificantly enhanced by longitudinally vibrating them in
a direction parallel to their surfaces. The extent of mass
transfer enhancement depends on the amplitude and fre-
quency of vibration as well as on the length of the elec-
trode. Up to 23-fold enhancement in the mass transfer
was achieved by vibrating short active heights at high vi-
brational velocities.

• The average mass transfer coefficient at vibrating elec-
trodes can be predicted using the conventional equa-
tions of mass transfer over flat surfaces in which a
pseudo-steady velocity (equal to the average over one
half of the vibration cycle) is utilized.

• The instantaneous value of the mass transfer coefficient
was found to be composed of a small oscillatory compo-
nent superimposed on a large steady one. This suggests
that the mass transfer boundary layer is not strongly re-
sponsive to the oscillatory velocity. In other words, al-
though the surface velocity periodically approaches zero
and reverses direction the mass transfer fluxes undergoes
relatively little changes throughout the vibratory cycle,
which implies that boundary layer thinning due to vibra-
tory motion plays an important role in this phenomenon.

• Application of vibratory mass transfer enhancement to
electrochemical processing results in significant perfor-
mance improvement. It reduces concentration polarization
with the consequent acceleration of metal deposition and
dissolution rates and increase of its current efficiencies. It
facilitates the formation of fine metallic powder deposits,
and the release of bubbles at gas-forming electrodes. It can
also results in significant reduction in the volume of the
processing units needed for electro-processing purposes,
which reduces its overall processing and capital costs.

• More work is necessary to develop a better understanding
of the interaction of the different transport mechanisms
under vibrating conditions.
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