
Mass transfer in ¯uidized beds of inert particles
Part II: E�ect of particle size and density

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, 03680, Ukraine
2School of Engineering and Computer Science, University of Exeter, North Park Road, Exeter, Devon,
EX4 4QF, Great Britain

Received 30 March 2000; accepted in revised form 27 June 2000

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

Abstract

The mass transfer rate in ¯uidized beds of inert particles (FIB) is shown to be dependent on the electrolyte ¯ow
velocity and the intensity of particle collisions with the electrode. The in¯uence of particle size and density on the
ratio of the magnitude of these two in¯uences on the mass transfer rate in a FIB was studied. Use of particle
materials of varying density in an FIB permits variation of the two e�ects. The in¯uence of collision currents
prevails in FIBs of low density materials, and the in¯uence of interstitial velocity is dominant in beds of high density
material. The ratio of these factors also depends on the size of particles of the same density. With smaller particle
size the in¯uence of collision currents is greater. Smoothing of mass transfer maxima in beds of particles both of
small and high density is explained. The results establish a basis for the selection of FIB materials for
electrochemical processes.

1. Introduction

The increase in limiting di�usion current in ¯uidised
beds of inert particles (FIB) is caused by thinning of,
and disturbance to, the electrode di�usion boundary
layer. The interstitial velocity in a FIB and at the
electrode is much higher than outside of the bed zone
and the ¯ow is also turbulent [1]. During collisions with
the electrode, particles, surrounded by their hydrody-
namic boundary layer, introduce a speci®c microvolume
of bulk concentration electrolyte into the near-electrode
di�usion layer [2±5].

Mass transfer rates in FIBs depend on the values and
ratio of the two main in¯uences, namely, the liquid ¯ow
velocity and collisions of particles with the electrode.
The interstitial velocity in a bed reaches its maximum
value at minimum ¯uidization conditions, and then
remains practically constant in the velocity range
corresponding to normal FIB behaviour [4]. The other
in¯uence on mass transfer enhancement is particle±
electrode collisions. The volume of reagent introduced
to the electrode di�usion layer during collision is
determined by the thickness of the hydrodynamic
boundary layer and the collision frequency [5]. The

List of symbols

D di�usion coe�cient (cm2 s)1)
dp average particle diameter (cm)
Ep average particle kinetic energy (J)
ic integral of collision current

density (mA cm)2)
id limiting di�usion current (mA cm)2)
Kd mass transfer coe�cient (cm s)1)
L normalized expansion of the ¯uidized bed,

L � H/Ho

p/q power of fractional function
Sc � m/D Schmidt number
U electrolyte linear ¯ow velocity (cm s)1)

Umax ¯ow velocity corresponding
to maximum mass transfer rate (cm s)1)

Umf minimum ¯uidization velocity (cm s)1)

Greek symbols
d di�usion boundary layer thickness (cm)
do hydrodynamic boundary layer thickness (cm)
e ¯uidized bed porosity
qp particle material density (g cm)3)
qs liquid density (g cm)3)
qe� e�ective particle material density, qe� � qp )

qs (g cm)3)
m dynamic viscosity (cm2 s)1)
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latter is determined by the average kinetic energy of the
particles. Thus, the magnitudes of both in¯uences on
mass transfer in a FIB are determined by the minimum
¯uidization velocity. This depends on particle size as
well as on the electrolyte density and viscosity [5].
The in¯uence of electrolyte viscosity on mass transfer

rate in a FIB was investigated recently [6] in aqueous
solutions of di�erent viscosity, containing carboxym-
ethylcellulose (CMC), in the range 1040 < Sc < 3300.
It was shown that the mass transfer rate decreases as Sc
increases. This resulted from the reduction in e�ective
particle density, qe� � qp ) qs, with increase in the
CMC concentration. The maximum in mass transfer
rate in solutions of various viscosity was observed in the
interval 0.5 < e < 0.6 [6], which correlates with the
maximum particle kinetic energy [7]. The average
particle kinetic energy, Ep, was shown to be dependent
on the hydrodynamic parameters of the ¯uidized bed
and is given by the following equation [7]:

Ep � 9:13� 10ÿ6�U=e�0:66q0:38
eff d0:66

p m0:28 �1�

where Ep is calculated in joules.
As the viscosity and density of electrolytes, especially

when dilute, change little, Sc is of order 1000 in most
cases [8, 9]. Thus, the main parameters in¯uencing the
mass transfer rate are the particle size and density. In a
FIB the thickness of the di�usion boundary layer is
related to the thickness of the hydrodynamic boundary
layer by the relationship:

d � doScÿ1=3 �2�

which is valid for any degree of ¯uidization [8]. Thus,
from Equation 2 do � 10 d.
It is obvious that the mass transfer rate in a FIB is

fundamentally determined by hydrodynamic factors,
related to particle size and density. In accordance with
Equation 1, the mass transfer rate should increase with
particle size and density. In reality, the logarithm of the
mass transfer coe�cient maximum is proportional to the
logarithm of particle diameter [10]. Thus, the ¯ow
velocity corresponding to the maximum mass transfer
rate, Umax, is related to particle size by the equation:

Umax � 23:3 d0:7
p �3�

The maximum mass transfer rate is reached in the bed
porosity range 0.5 < e < 0.6 [6±8]. This interval was
shown to be characteristic of glass particles of
qgl � 2.5 g cm)3 only. Thus, it was necessary to study
the in¯uence of particle size and density on the ratio of
their in¯uences on mass transfer rate in a FIB.

2. Experimental details

Much of the experimental installation was as described
earlier [5]. However, planar and cylindrical electrodes

were used instead of the point electrodes used in [5]. A
diagram showing the electrode placement is shown as
Figure 1.
The planar working electrode was a platinum plate

(S � 2 cm2) with its surface ¯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 electrode, in its
support plate, was positioned facing the diaphragm at a
vertical distance of 10 cm from the ¯ow distributor.
The cylindrical electrodes (L � 20 mm, and diameter

0.5; 1.0 and 2.0 mm, respectively) were made of Plati-
num wire bent at an angle normal to the supporting
contact, and insulated by means of welding into a Pyrex
tube. The end of the electrode was also isolated by
means of a Pyrex bulb. The electrodes were placed
normal to the electrolyte ¯ow, together with an attached
Luggin capillary, in the bulk of the bed at a distance of
10 cm from the ¯ow distributor.
The electrochemical measurements were made using a

PI-50-1 potentiostat and were recorded on a LKD-4
potentiometer. The limiting di�usion currents for cop-
per ion reduction in ¯uidized beds of particles of various
size and density were measured in a manner similar to
that in [11±14].
Spherical granules of copper of density (qCu) of

8.9 g cm)3 and granules of soft-acid ion-exchange resin
KB-4, analogous to Amberlyte IRC-50 (qIEM �
1.25 g cm)3) were used.
The surface of the copper granules was insulated by

oxidation at 600 °C. The non-conducting nature of the
surface of the granules was con®rmed in each case by
means of preliminary electrolysis. The experiment was

Fig. 1. Electrode arrangements: (a) planar electrode; (b) cylindrical

electrode. Key: (1) connection; (2) insulating support; (3) exposed

electrode; (4) insulating Pyrex bulb; (5) Luggin capillary.
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valid if no copper deposition occurred on the Cu
granules. Studies were conducted in electrolyte contain-
ing 3.15 ´ 10)3

M Cu2+ with 0.75 to 1 M Na2SO4

(pH 2.5 to 3). Since 4 l of electrolyte were used
variations in concentration during an experiment were
small. Also, after each measurement the deposit of
copper was anodically dissolved so that the bulk
concentration was maintained constant over a long time
scale.
The granules of ion-exchange resin were previously

saturated with copper ions from solution containing
0.5 M Cu2+, pH 3, and rinsed in deionized water
before each experiment. The value of pKa for KB-4
ion exchanger is known to be in the region 3.9 to 4.0
[15]. Studies were conducted in rather concentrated
electrolyte, containing 0.1 M Cu2+, pH 2.5, lower than
pKa. These experimental conditions render the in¯u-
ence of ion exchange on the limiting di�usion current
negligible.
All the experiments were carried out at 20 � 2 °C.

3. Results and discussion

The dependence of limiting current for Cu2+ reduction
on the ¯ow velocity for a FIB of ion-exchanger resin
granules is shown in Figure 2(a). Comparison of the
dependencies of mass transfer rate on ¯ow velocity for
particles of small density and glass particles [6±8] has
shown that mass transfer to an electrode in a bed of light
particles has some characteristic features. The ¯uidiza-
tion begins at extremely low ¯ow rates in comparison
with glass particles; in the order of 0.1 cm s)1. A
maximum limiting current value is reached at a value
of L (H/Ho) of approximately 1.7. The sharp maximum
of limiting current, characteristic of beds of glass
particles, is absent.

Though at minimum ¯uidization velocity the limiting
di�usion current for the particles of ion-exchange resin
is higher than in ¯ow without particles (imf=imf

ec � 1:8),
the in¯uence of the interstitial velocity [5] is less than in
the bed of glass particles of the same size. Thus, the
in¯uence of collision currents, ic/id, increases to 70%
(Figure 3). This results from the decrease in minimum
¯uidization velocity, which leads to an increase in
hydrodynamic boundary layer thickness. The thickness
of the di�usion layer and the volume of reagent
introduced during collision, DV, [5] thus increase.
The dependence of limiting current on ¯ow velocity

for the FIB of insulated copper granules is shown in
Figure 2(b). In this bed of heavier particles the limiting

Fig. 2. Dependence of limiting current for Cu2+ reduction on electrolyte ¯ow velocity in electrolyte ¯ow alone (curve 1) and in a FIB of particles

of di�erent density. (a) Granulated ion-exchange resin KB-4; curve 2: dp � 0.07 cm, qp � 1.25 g cm)3. (b) copper granules; curves 2, 3, 4:

dp � 0.055, 0.09 and 0.125 cm, respectively, qp � 8.9 g cm)3. Electrolyte: (a) 0.1 M Cu2+, 0.75 M Na2SO4, pH 3. (b) 3.15 ´ 10)3
M Cu2+, 1.0 M

Na2SO4, pH 2.5.

Fig. 3. Dependence of limiting current for Cu2+ reduction on elec-

trolyte ¯ow velocity in a FIB of particles of di�erent density. Key: (n)

particles of ion-exchanger; (s) glass particles; (h) insulated copper

granules. dp � 0.09 cm. Recalculated for the electrolyte containing

3.15 ´ 10)3
M Cu2+, 1.0 M Na2SO4, pH 2.5.
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currents increase due to the greater in¯uence of the
interstitial velocity. At the same time, a decrease in
di�usion layer thickness occurs (Figure 5(a)), and the
in¯uence of collision currents decreases (Figure 4). This
explains the absence of the sharper maximum on the
dependencies of mass transfer rate on velocity obtained
for FIBs of particles of higher density (Figure 2(b)).
Comparison of mass transfer rates in FIBs of particles

of identical size but of varying density, expressed in
terms of Kd, has shown (Figure 5(b)), that a two fold
increase in material density (from ion-exchanger to glass

granules) results in a more than threefold increase in
mass transfer rate. This increase in process intensity,
obtained for a small increase in the energy consumption
required for ¯uidization, is noteworthy.
However, further increase in particle density does not

result in the expected concomitant increase in mass
transfer. The reason is that the interrelation between the
mass transfer rate obtained at optimum degree of
¯uidization and the solid phase density, as well as
appropriate ¯ow velocity, have a nonlinear character.
According to available known data the functional
relationship is of the form (Figure 6):

y � xp=q; �4�

where 0 < p/q < 1. This arises from the non-linearity
of the dependence of minimum ¯uidization velocity on
particle density.
Understanding the role of the hydrodynamic factors

a�ecting the electrode process in a FIB allows an
economically sound choice of particle material to be
made. The energy required to maintain a desired ¯ow is
proportional to the square of the velocity. Approxi-
mately the same mass transfer rates are found in FIBs of
glass and copper granules with average particle diam-
eters of 0.08 cm and 0.055 cm, respectively. However,
though the glass particles are 1.5 times larger, to
maintain a bed of Cu particles in the ¯uidised state,
requires a 1.7 times larger ¯ow velocity with the
consequent increased energy demand. On reduction of
the particle size down to approximately 0.035 cm the
advantage of the heavier particles disappears. It is clear
that the use of heavy inert particles (>4 g cm)3,
Figure 6(a)) in, for example, metal electrowinning, is
unreasonable from an economic point of view.
In the FIB of light resin particles, the limiting current

reaches more than 70% of the maximum in the initial

Fig. 4. Dependence of percentage in¯uence of collision on particle size

and density. Key: (s) spherical glass beads, qp � 2.5 g cm)3; (h)

insulated copper granules, qp � 8.9 g cm)3; (�) granulated ion-

exchange resin KB-4, qp � 1.25 g cm)3. Calculated for 3.15 ´ 10)3
M

Cu2+.

Fig. 5. Dependence of di�usion layer thickness (a) and Kd (b) on size and density of particles. L � Lopt � 1.5. Key: (s) spherical glass beads,

qp � 2.5 g cm)3; (�) data from [13]; (h) insulated copper granules, qp � 8.9 g cm)3; (�) granulated ion-exchange resin KB-4, qp � 1.25 g cm)3,

dp � 0.07 cm.
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degrees of ¯uidization (L � 1.2). Since the ion-exchang-
er granules are inclined to elutriation due to their small
e�ective density (qe� � qp ) qs � 0.25 g cm)3), such
particles must be used at ¯ow velocities only slightly
exceeding the ¯uidization velocity. The use of ion-
exchange materials, in spite of the relatively small energy
consumption for ¯uidization, is also inappropriate
because of the small mass transfer rates obtained.
However, such materials are appropriate when their
ion-exchange properties are used, as, for example in [17].
The evaluation of electrolysis e�ciency in FIBs,

permits identi®cation of an economically optimum
particle size. The comparison of mass transfer rates
for glass particles, achieved in FIBs of various size
factions and resultant ¯uidization velocities, shows
that the optimum size for glass particles is
0.10 < dp < 0.12 cm. This is also con®rmed by data
on mass transfer to cylindrical electrodes of di�erent
diameter in an FIB (Figure 7).
As shown in Figure 7, in the particle diameter range

0.08 to 0.18 cm, the mass transfer rate increases pro-
portionally to the square root of particle diameter.
Further increase in particle size results in deviation from
this relationship and little further increase in mass
transfer rate. This may be explained by the distinctive
features of the ¯ow structure around the cylindrical
electrode and the resultant particle circulation patterns
[18].

4. Conclusions

It is clear that the use of particles of materials of
di�erent density in FIBs allows variation of the con-
tributory in¯uences on mass transfer. In FIBs of
materials of low density the in¯uence of collisions

prevails and in beds of high density the in¯uence of
interstitial velocity dominates. The ratio of the in¯u-
ences changes with reduction in the size of particles of
the same density, since with reduction of particle size the
in¯uence of collision currents increases. These phenom-
ena explain the smoothing of mass transfer maxima in
beds of particles of both small and high density. The
results obtained permit a sound choice of FIB particle
material for di�erent electrochemical processes and the
calculation of mass transfer rates both in inert and
conductive ¯uidized beds [5, 19].

Fig. 6. Dependence of mass transfer coe�cient Kd on (a) velocity and (b) particle density. Average particle diameter: dp � 0.07 cm;

L � Lopt � 1.5.

Fig. 7. Dependence of mass transfer coe�cient to cylindrical elec-

trodes on particle diameter. qp � 2.5 g cm)3, L � 1.5. Curves: (1, 2, 3)

cylindrical electrodes of 0.5, 1.0 and 2.0 mm diameter, respectively; (4)

planar electrode. Electrolyte: 5 ´ 10)2
M Cu2+, 1.0 M Na2SO4, pH 3.
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