
Mass transfer in ¯uidized beds of inert particles.
Part I: The role of collision currents in mass transfer to the electrode

N.A. SHVAB1, N.V. STEFANJAK1, K.A. KAZDOBIN1 and A.A. WRAGG2

1Institute of General & Inorganic Chemistry, Ukrainian National Academy of Sciences, Palladin Avenue, 32/34,
Kiev, 252680, Ukraine
2School of Engineering and Computer Science, University of Exeter, North Park Road, Exeter, Devon EX4 4QF,
Great Britain

Received 6 July 1999; accepted in revised form 11 January 2000

Key words: collision mechanism, electrode, ¯uidized bed, mass transfer

Abstract

The e�ect of particle-wall collision on the mass transfer rate mechanism in liquid ¯uidized bed electrochemical cells
was studied. Collision frequencies and currents were measured at microelectrodes set in the bed wall. It is postulated
that, at each particle±electrode collision, a speci®c microvolume of bulk concentration electrolyte is introduced into
the near-electrode di�usion layer during particle movement towards the electrode causing an enhancement of the
limiting di�usion current. Based on measurements made at microelectrodes calculations of the contribution of the
particle collision mechanism to total mass transfer to a planar electrode are attempted and are in good agreement
with experimental values.

1. Introduction

One of the most e�cient methods of di�usion boundary
layer disturbance to enhance mass transfer is the use of

beds of ¯uidized inert particles (FIB) [1], in which the
solid phase usually consists of spherical glass particles
[1, 2]. Electrolysis in FIBs has been successfully applied
in electrochemical technology, for example, in nonfer-

List of symbols

Ac mean of alternating voltage caused by colli-
sion currents (V)

co bulk concentration of electroactive species (M)
D di�usion coe�cient (cm2 sÿ1)
dp average particle diameter (mm)
f single collision frequency of particles with the

electrode �sÿ1�
fr collision frequency of particles per unit area of

electrode surface �sÿ1 cmÿ2�
g gravitational acceleration (cm sÿ2�
H ¯uidized bed height (cm)
H0 static bed height (cm)
h height of spherical segment, h � d (cm)
ic integral of collision current density (mA cmÿ2)
iin part of current density caused by interstitial

¯ow (mA cmÿ2)
id limiting di�usion current density (mA cmÿ2)
imf, imax

d limiting di�usion current densities at mini-
mum ¯uidization and optimum bed expan-
sion, respectively (mA cmÿ2)

imf
ec , imax

ec limiting di�usion current densities in empty
channel at Umf and Lopt, respectively
(mA cmÿ2)

Kd mass transfer coe�cient (cm sÿ1)
L normalized expansion of the ¯uidized bed,

L � H=Ho

Lopt optimal ¯uidized bed expansion
nc number of particles per unit electrode area
Rmet measuring resistance (X)
reff e�ective particle radius, reff � 0:5�dp � d0� (cm)
Se electrode surface area (cm2)
U electrolyte linear ¯ow velocity (cm sÿ1)
Uin interstitial ¯ow velocity (cm sÿ1)
Umf minimum ¯uidization velocity (cm sÿ1)
z number of electrons

Greek symbols
d di�usion boundary layer thickness (cm)
do hydrodynamic boundary layer thickness (cm)
e ¯uidized bed porosity
eo bed porosity at incipient ¯uidization, eo � 0:4
n dimensionless coe�cient of hydraulic pressure

head
qp particle density (g cmÿ3)
qs solution density (g cmÿ3)
sc particle±electrode contact time (s)
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rous metal winning from plating wastes [3, 4]. The use of
a ¯uidized bed allows the limiting di�usion current
density, id, to be increased several times above that for
single phase ¯ow alone [5, 6]. This enhancement occurs
due both to disturbance of the di�usion boundary layer
[1, 2, 6, 7] and the particle-wall collision mechanism
[8, 9]. Mass transfer to the electrode in beds of inert
particles has been investigated widely on the macrolevel
[10±13]. However, the role of particle-wall collisions and
also the collision mechanism is not well understood.
Various opinions have been formulated concerning

the nature of the FIB e�ect on electrode processes. On
the one hand it has been considered that, at each
collision, a de®nite microvolume of electrolyte is intro-
duced into the near-electrode di�usion layer, thus
causing enhancement of the limiting di�usion current
[8, 9]. Other authors [14] have played down the in¯uence
of collisions on the electrode process rate, explaining the
mass transfer increase as due to transition of the ¯ow
from laminar to turbulent. Systems of di�erent porosity
were investigated. The porosity variation, however, was
imitated arti®cially by accommodation of PVC cylinders
or Nylon spheres in the channel. Thus, there were no
collision phenomena, the system e�ectively being a ®xed
bed. In addition because spheres act as blu� bodies, the
¯ow becomes turbulent at rates corresponding to
Re O 20 [6, 7], that is, smaller than the minimum
¯uidization velocity for such systems.
It was decided to measure collision frequencies and

currents under various hydrodynamic conditions in
order to con®rm earlier suggestions concerning the
in¯uence of collisions on mass transfer rates [8, 9].

2. Experimental details

2.1. Measuring cell and electrodes

Measurements of collision frequencies and currents at a
planar electrode were made by means of an oscilloscopic
technique, brie¯y described in [15] and depicted sche-
matically in Figure 1. The working microelectrode was a
platinum wire with its cross-section ¯ush mounted with
a vertical Plexiglass plate (the electrode support). The
electrode was ®xed using epoxy cement and was ground
and polished ¯ush with the plate. The microelectrode in
its support plate was positioned facing the diaphragm at
a height of 10 cm from the ¯ow distributor. The
diameter of the microelectrode working surface matched
the average diameter of the studied particles. Thus, only
one particle could participate in collision with the
microelectrode at one time. Exact measurements of the
microelectrode surfaces were made using a microscope
(MIM-6).
Planar electrodes of 1 or 2 cm2 were also used for the

measurement of limiting currents by the voltammetric
method at a scanning rate of 5 mV sÿ1. These electrodes
were manufactured and mounted similarly to the
microelectrodes.

To achieve uniform bed ¯uidization and to minimize
entrance e�ects, a dynamic ¯ow distributor, made of
multilayers of plastic mesh containing glass beads, was
placed at the bottom of the cell. Narrow size fractions
of spherical glass beads of density qp � 2:5 g cmÿ3, and
with average diameter in the range 0:5 < dp < 2:5 mm
were used. Measurements were made in electrolyte of
composition, �Cu2�� � 2 to 5� 10ÿ2 M; �Na2SO4� �
1:0M; 2:1 < pH < 2:5, at a temperature of 20� 2 �C.

2.2. Measurement of collision frequencies

Only a single particle could collide with the microelec-
trode at one time, whereas previous experiments have
involved multiple collisions with the electrodes as a plate
[16, 17] or a sphere [18]. In [17, 18] the current pulses
resulted from instantaneous conducting bridges of
conducting particles of Raney nickel [17] or copper-
coated glass spheres [18]. Thus, the collision frequencies
found in [16±18] are overestimated. The present method
of collision frequency measurement on microelectrodes
allows individual collisions to be registered.

2.3. Measurement of collision currents

Current pulses, caused by collisions, were calculated
from the values of the oscilloscope pulses, produced by
voltage changes across the measuring resistance, Rmet, of
952 X, which was incorporated in the counter electrode
line (Figure 1). The measuring resistance was screened.
The screen was connected to the screen cover of the
connecting cable, which was grounded to the P-5848
potentiostat. The signal was sent to the RC-®ltered input
of a C1±48B oscilloscope (R � 1MX; C � 50 mF).
Thorough protection from noise was necessary due to
the very small current pulses caused by individual

Fig. 1. Electrochemical measurement circuit design. Key: (1) ¯ow

distributor; (2) plastic mesh support; (3) microelectrode; (4) ¯uidized

bed particles; (5) Luggin capillary; (6) counter electrode; (7) measuring

resistance, Rmet; (8) oscilloscope; (9) potentiostat; (10) electrode

support plate; (11) insulated contact; (12) diaphragm.
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collisions. The contribution of parasitic signals to the
measured signal values of a current pulse did not exceed
1±3%.
The measurements were carried out in potentiostatic

mode at a potential, Ec � ÿ0:2 V, at which the limiting
di�usion current was reached. A Luggin capillary was
placed close to the microelectrode. The lead counter
electrode was separated from the working space of the
cell by a thermally treated PVC fabric diaphragm. The
potential sweep rate of the oscilloscope screen was
chosen in order to ensure clear division of the peaks, so
that their number did not exceed 6±8 each measurement.

3. Results and discussion

The frequency of particle collisions with the electrode as
a function of the bed porosity and particle size was
measured. Typical oscilloscope pulse images, as shown
in Figure 2, may be interpreted as collisions, rather then
hydrodynamically induced ¯uctuations. This is con-
®rmed by: (i) the absence of characteristic peaks on the
oscillogram for measurements in ¯ow without particles,
and (ii) by the fact that they were observed only at the
limiting di�usion current. The availability of a powerful
RC ®lter on the oscilloscope input also ensured that the
registered pulses are not alternating current noise on the
microelectrode.
The pulse shape is determined by the type of particle

contact with the electrode; ®rstly a direct (individual)
pulse, the result of an elastic collision, or, secondly, long
double pulses, the result of double impact or, thirdly, an
oscillating plateau pulse indicative of a particle rolling
along the electrode. These types of pulse are all distinctly
shown in Figure 2 (see also [19]).
The distinction in pulse values for particles of the

same size shows that the contact time during collision,
sc, which is indirectly proportional to frequency to a ®rst
approximation [20], is not equal in each speci®c in-
stance. The existence of indirect contacts [19] is caused
by the fact that not all the particles, especially at small
degrees of ¯uidization, have a velocity su�cient for
elastic collision. Small particles (dp < 0:5 mm) are also
inclined to aggregation [2].
The values of individual collision frequencies for glass

particles of various fractions lay in the region of 10 Hz.

Frequency increased with increase in particle size
(Figure 3(a)). This is caused by the increase in the
average velocity of particle movement with increase in
diameter [21, 22] at the same porosity, as greater ¯ow
velocities are needed for ¯uidization of the larger
particles. However, collision frequency per unit elec-
trode area decreases with increase in particle diameter
(Figure 3(b)), as the number of particles per unit
electrode area, ns, is indirectly proportional to diameter
squared [23]:

nc � 1=L2=3d2
p �2�

Mass transfer to the electrode may be attributed to two
e�ects: (i) the current at minimum ¯uidization and (ii)
the current caused by collisions (Figure 4):

id � imf � ic �3�
In the packed bed regime collisions are absent. The
increase in limiting di�usion current with increase in
¯ow velocity is caused by the increase in ¯ow velocity
within the bed, the so-called interstitial velocity, Uin. The
particles act as mobile turbulizers. The Uin in the bed is
much higher than that outside the bed, U [7]. Uin reaches
its maximum magnitude at minimum ¯uidization, when
U � Umf, and remains practically constant within the
¯ow rate range corresponding to the `dense' ¯uidized
bed regime at 0:45 < e < 0:65 (Figure 4).
Upon bed expansion the currents increase relative to

that for minimum ¯uidization, and the region of
di�usion control is shifted to higher overvoltages.
Di�usion currents reach a maximum in the porosity
range 0:5 < e < 0:6, and then fall towards values corre-
sponding to e! 1 (empty channel ¯ow) [2, 9].
Thus, the in¯uence of Uin on the limiting di�usion

current remains constant, so iin � imf. The interstitial
velocity, Uin, for each particle diameter can be deter-
mined via the appropriate minimum ¯uidization velocity
on comparison of limiting currents in a channel without
particles and in a FIB (Figure 4) according to the
equation:

Uin � Umf�imf=imf
ec � �4�

Umf can be found experimentally (Figure 5), or calcu-
lated from the equation (see Appendix):

Fig. 2. Characteristic oscillogrammes of collision currents. (a) single peaks; (b) double peaks; (c) rolling of particles.
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Umf � 4

3

g�qp ÿ qs�
nqs

dp

� �1=2
�5�

The additional mass-transfer enhancement occurs due to
particle collisions with the electrode.
As the porosity of a packed bed is independent of

particle diameter [10], the merging of the rising sections
may be expected for curves h, n and , for the planar
electrode in Figure 6. However, each particle is sur-
rounded by a hydrodynamic boundary layer [6]. The
in¯uence of the hydrodynamic layer on intrinsic poros-
ity increases with reduction in particle diameter [24]. The
real ¯ow velocity between the particles and over the
electrode increases. This results in a more abrupt
increase in limiting di�usion currents in the beds
containing the smallest particles.

The geometric voidage between particles increases
with increasing particle diameter, and the in¯uence of
the hydrodynamic layer on local ¯ow velocity and on
limiting current values decreases (Figure 6). To ®nd that
part of the limiting di�usion current caused by colli-
sions, ic, and its dependence on particle size, it is
necessary to discuss the in¯uence of the collision
mechanism on the electrode process.
Upon collision the particles introduce a total mic-

rovolume RDV per unit time per unit electrode area.
This is equal to the product of the speci®c microvolume,
DV , and the collision frequency fr:

Fig. 4. Scheme for limiting di�usion current calculations. (1) Mass

transfer in ¯ow without particles; (2) mass transfer in FIB.

Fig. 5. Dependence of minimum ¯uidization velocity, Umf, on particle

size.

Fig. 3. Dependence of collision frequency on the bed porosity. (a) Frequency of individual collisions; (b) collision frequency per unit area. (1±4)

dp � 0:057, 0.072, 0.16 and 0.225 cm, respectively.
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RDV � fr DV �6�

The value of the speci®c microvolume, DV , introduced
into the di�usion layer by a single particle is approxi-
mately equal to the volume of a spherical segment
having h � d and diameter, deff, equal to the diameter of
the particle together with its hydrodynamic boundary
layer (Figure 7). A microvolume of electrolyte is
brought into the near electrode layer during particle
movement towards an electrode. Considering [2, 6], that
for most aqueous electrolytes, do � 10d, we can write:

DV � pd2 �0:5dp � 10d� ÿ d=3
� � �7�

The di�usion layer thickness, d, is calculated taking into
account the assumption that interstitial ¯ow velocity at
the electrode is equal to that for the bulk particle region.
At minimum ¯uidization, the appropriate values of
limiting current, imf, (Figure 4) are related to the
di�usion layer thickness by the equation:

imf � zFcoD=d �8�

Hence,

d � zFcoD=imf �9�

The dependence of the di�usion layer thickness on
particle diameter in cm (Figure 8) may be described by
the empirical equation [24]:

d � 5:88� 10ÿ4 dÿ1=2p �10�

The thickness of the e�ective near-electrode di�usion
layer for particles of various sizes was calculated
according to Equation 10. The imf values for
0:8 mm > dp > 2:5 mm particles were determined exper-
imentally and, for particles of smaller size, were calcu-
lated from the data [12] employing imf calculated from
Equation 8. The di�usion coe�cient for copper ions at
293 K was taken as DCu2� � 3:95� 10ÿ6 cm2 sÿ1 [25].
Assuming that Cu2� ions, penetrating the di�usion

layer during collision, are completely consumed in
electrochemical reaction, the collision currents may be
calculated from the equation:

ic � zFco fr RDV �11�

The dependence of collision current values on average
particle diameter at a microelectrode, calculated on the

Fig. 6. Dependence of limiting di�usion currents for copper ion

electroreduction at a planar electrode on electrolyte ¯ow velocity.

qp � 2:5 g cmÿ3. �Cu2�� � 3:15� 10ÿ3 M. Key: (s) mass transfer in

¯ow without particles; mass transfer in FIB: (h) dp � 0:08; (n)

dp � 0:16 and (,) dp � 0:25 cm, respectively.

Fig. 7. Model of particle collision with the electrode. Fig. 8. Dependence of di�usion layer thickness on particle diameter.
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basis of the proposed model, is shown in Figure 9. The
ic values are proportional to the inverse of the square of
the particle diameter.
Collision currents were also calculated from current

against electrolyte velocity dependencies (Figure 6) at
the maximum values of limiting current. The reasonable
agreement between the collision current values found by
two independent methods con®rms the model. Some
discrepancy in ic values may be explained by the fact
that, as outlined in [19], the real time of contact may
di�er from that suggested in [20].
Maximum limiting current values (Figure 6) corre-

spond to the optimum degree of bed expansion and
coincide with maximum average particle kinetic energy
values [21, 22] and collision frequencies (Figure 3). The
occurrence of these maxima [23], is caused by the
interaction of several factors related to the increase in
¯ow velocity and the increase in average particle
movement with the degree of bed expansion, and the
decrease in collision frequency.
The ic values were also calculated for each average

particle diameter of the studied fractions from the values
of current pulses on oscilloscope traces from the
equation:

ic � 0:707Ac=RmetSe �12�

The values of ic from the two methods agree in order of
magnitude (from 7.2 to 4:6 mA cmÿ2 depending on dp),
and decrease with increase in particle diameter. The
magnitude of the oscilloscope signal depends linearly on
ionic concentration (Figure 10). The values of the

oscilloscope pulse, registered in beds of di�erent size
fractions, are not equal; this e�ect is caused, according
to Equation 7, by the di�erences in electrolyte microvo-
lumes, DV , introduced. With increase in particle diam-
eter the microvolume of electrolyte increases, but
simultaneously the collision frequency is sharply re-
duced. Therefore, the contribution of a collision current
to mass-transfer to a macroelectrode diminishes with
increase in particle size. This additionally con®rms the
validity of the model.
The mass-transfer rate at the macreoelectrode in

a FIB increases with increase in particle diameter
(Figure 6). Enhancement of mass-transfer rate occurs
as the result of growth of the contribution caused by Uin,
as the increase in dp results in increase in Umf (Equation
5). Simultaneously, the increase in Uin, with increase in
dp results, on the one hand, in thinning of the boundary
layer, d, which results in decrease in ¯uid microvolume,
DV (Equation 7). On the other hand, the number of
particles per unit volume decreases (Equation 2). Finally
a decrease in the contribution of collision currents to the
mass-transfer rate to the macroelectrode takes place
(Figure 11). The dependence ic=id against dÿ3=2p is
explained by the fact that, under the considered condi-
tions, id � d1=2

p [24], while ic � dÿ2p (Figure 9).
The existence of collision currents explains previous

results [8], where the in¯uence of glass beads on limiting
current values for electrochemical reduction of ferricy-
anide ions at a rotating disc electrode was investigated.
It was shown that a 7.5 fold increase in rotation rate
(from 40.5 up to 300:5 rad sÿ1) produced an increase in
mass transfer rate corresponding to a di�usion layer

Fig. 9. Dependence of collision current values at a microelectrode on

particle diameter. Key: (1) data, calculated according to Equation 11;

(2) from current-electrolyte ¯ow velocity, dependencies (Figure 4).

�Cu2�� � 5� 10ÿ2 M.

Fig. 10. Dependence of current values, calculated from oscilloscopic

pulses at a microelectrode on the concentration of the discharged ion

L � Lopt � 1:5, Rmet � 10:5 kX. Key: (s, n) maximum magnitudes

of collision currents; (h, ,) average magnitudes of collision currents;

(s, h) microelectrode diameter 0.169 cm, dp � 0:16 cm; (n, ,)

microelectrode diameter 0.094 cm; dp � 0:11 cm.
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thickness decrease of only 2.3 fold in the absence of inert
packing. For particles (sand, glass beads etc.) suspended
by stirring, the mass transfer rate increased more than
eight times in the same range of electrode rotation rates.
This positive e�ect was achieved due to di�usion layer
renewal, resulting from particle contact with the elec-
trode. As in an FIB where an optimum degree of
expansion exists, the optimum volumetric concentration
of the solid phase in this latter case was of the order of
40%.
The existence of such an optimum in both cases may

be explained by the competition between two factors,
namely, increase in the average particle kinetic energy
and reduction in the collision frequency with increase in
¯uidized or stirred bed expansion. The latter is caused
by the restriction of movement of suspended particles
with increase in their volumetric concentration.

4. Conclusions

A model describing the in¯uence of particle-wall colli-
sions on the mass transfer rate mechanism in ¯uidized
inert bed electrochemical cells is proposed. The values of
the collision current contribution, ic, to mass transfer to
electrodes in ¯uidized beds of inert particles can be
calculated from the proposed model and compared to
those obtained from experimental data. The values of ic
obtained by the two independent methods are in good
agreement.
In accordance with the proposed model, at each

collision a de®ned microvolume of electrolyte penetrates
the near-electrode di�usion layer, thus causing enhance-
ment of the limiting di�usion current. The mass transfer

contribution due to electrolyte ¯ow velocity increases
with increase in particle diameter; while that due to
particle collision decreases. The general mass transfer
rate increases with increase in particle diameter follow-
ing the relationship id � f �d1=2

p �.
Thus, the contribution of particle collision currents to

mass transfer to an electrode in a FIB can be quanti-
tatively estimated, taking into account the e�ective
particle size in a viscous (nonideal) liquid.
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Appendix

Equation 5 is based on an equilibrium force balance
involving the gravity, buoyancy and drag forces at the
moment of ¯uidization. The equation indicates the
relationship Umf � f �d1=2

p �. This form of relationship

Fig. 11. Dependence of the ratio of the collision current contribution,

ic, at a macroelectrode to the total current value, id, on particle

diameter. L � Lopt.
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was obtained experimentally and can also be substan-
tiated theoretically.
At U � Umf an equilibrium force balance involving G,

the gravity force, B the buoyancy force and D the drag
force on a particle can be drawn up:

D � Gÿ B

Now, G � pgd3
pqp=6 and B � pgd3

pqs=6, therefore the
drag force, is given by

D � nApU2
mfqs=2

where n is the drag coe�cient and Ap is the maximum
cross section of a particle (i.e., Ap � pd2

p=4).

Thus,

D � npd2
pU2

mfqs=8

So, balancing the forces leads to the following:

�npd2
pU2

mfqs=8� � �pgd3
pqp=6� ÿ �pgd3

pqs=6�

which gives

U 2
mf �

4

3
gdp
�qp ÿ qs�

qsn

and thus,

Umf � f �d1=2
p �

1292


