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Abstract

The influence of inert particles on liquid/solid mass transfer is studied in fluidized beds by using a binary-mixture of solids of
differing size and density. The addition of inert particles of higher density and smaller diameter, e.g. glass beads, exerts remarkable
effects on mass transfer coefficients in comparison to that of mono-component active particles at the same liquid velocity. The
extent of the effect on liquid–solid mass transfer coefficients increases with an increasing fraction of the small inert particles in
the mixture. The liquid–solid mass transfer coefficients for binary-mixtures are well correlated in terms of dimensionless groups
and the voidage parameter. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

In general, solid particles of different size and/or
density are segregated axially in liquid fluidized beds
depending on the difference in their properties, smaller
particles above the larger, or lighter particles above the
heavier. When the smaller particles have the higher
density, the opposing effects of those physical proper-
ties on the fluidizability of two kinds of solid particles
can result in quite unpredictable behavior: segregation,
mixing or partial mixing. Considerable work was car-
ried out to explain the complex hydrodynamic behavior
of the binary solid fluidization and the ‘solids layer
inversion’ phenomenon has aroused widespread interest
[1–14]. However, the practical application of the pres-
ence of different particles in fluidized beds and the
influence of mixing phenomena of binary solid systems
on liquid/solid mass transfer has seldom been studied.
In the present paper, the effect of inert heavier/smaller
glass beads (GB) on liquid mass transfer to larger
particles with lower density is reported.

2. Experimental

2.1. Acti6e and inert particles

The active particles are cation-exchange resins (Di-
aion SK116). They are obtained from Supelco SA.,
Switzerland, which sold material originally produced by
Mitsubishi Chemical Industries. All of the active parti-
cles are spherical except for a few broken resins. The
inert particles are glass beads which are closely screened
to obtain a narrow size distribution.

The volumetric mean particle diameters were mea-
sured by the particle sizer (Particle Sizer 2600E
Malvern, Spring Lane GB). The apparent density of
particles rap, was determined by the correlation of
Schiller–Naumann [15] by measuring the terminal ve-
locities of selected particles:

Ar=18 Ret+2.7 Ret
1.687

3.6BArB105 10−3BRetB103 (1)

where Ar is Archimedes number, and Ret, the terminal
Reynolds number. The results were confirmed
picnometrically.

The size distribution of the particles can be described
by a normal distribution function. The standard devia-
tion (SD) and relevant properties of active resins and
glass beads are listed in Table 1.
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Before use, the ion exchange resins are pretreated
under the following conditions: The resin is first placed
in an alkaline solution (2.5 N). The suspension is stirred
and heated at 60°C for �1 h and then cooled down
naturally. The resin is recovered by filtration and
washed until the washing water has a pH lower than 9.
Subsequently, the resin is placed in a beaker of sulfuric
acid solution (5.5 N). The suspension is stirred and
heated at 60°C for �1 h and then cooled down natu-
rally. The resin is filtered and extensively washed again
until the pH of the washing water is above 5. The resin
is then stored in distilled water. The same procedure is
also used for the regeneration of spent particles.

2.2. Experimental set-up and procedure

Fig. 1 illustrates a schematic diagram of the experi-
mental set-up which consists of a glass column of 39
mm inner diameter and 600 mm length. The liquid flow
enters at the bottom of the bed and passes through a
distributor to avoid radial velocity gradients. The
column is provided with a thermostat double-jacket to
control the temperature. All of the experiments were
performed at 2090.3°C.

For the measurement of mass transfer coefficient,
known quantities of active and inert particles are intro-
duced at the top of the column at the beginning of each
run. An alkaline solution is fed from the tank to a
buffer which is designed to maintain the stability of
flow rate and pumped by a gear pump into the fluidized
bed reactor. The mass flow rate is recorded at the outlet
of the reactor with a balance. Neutralization of a
sodium hydroxide solution by the strong acid ion ex-
change resin occurs in the fluidized bed reactor and the
conversion of sodium hydroxide in the liquid is deter-
mined by measuring the ion concentrations of the solu-
tions in the feed and at the exit of the reactor with an
on-line conductivity-meter under stationary conditions.

The ion exchange resins are regenerated after three to
four runs.

2.3. Determination of mass transfer coefficient

The mass transfer coefficient can be obtained from
the steady-state mass balance equation. Normally, in a
shallow fluidized bed, plug flow with no axial disper-
sion can be assumed [16]. Another way to neglect axial
liquid dispersion is to dilute the active compound with
inert materials in order to obtain a deep fluidized bed
[17]. The material balance for Na+ ions in the liquid
phase for a differential volume element of the column is

given by:

u
dC
dz

= −
6(1−o)

d( p
kL(C−C*) (2)

where C* is the equilibrium Na+ ion concentration at
the liquid–solid interface. Since the exchange of Na+

and H+ occurs instantaneously and the loading of
Na+ ions in the resin is kept at a very low level, it is
assumed that C* is negligible compared to the bulk
concentration C. The integration and rearrangement of
Eq. (2) leads to

kL=
Q
A

· ln
Cin

Cout

(3)

where Cin and Cout are the concentration of Na+ ions
in the feed and effluent solution respectively, Q is the
volume flow rate of the feed and A is the total surface
area of the particles in the bed. The surface area of
active particles is estimated from Eqs. (4) and (5):

o0=
V · rap−m

V · (rap−r)
(4)

A=V · (1−o0) · 6/d( p (5)

where V is the volume of resin and water in a pycnome-
ter, d( p represents the mean diameter of the particles; m,
the mass of resin and water, r, the density of water,
and rap, the apparent density of active resins.

The effective diffusion coefficient is calculated by the
geometric mean of the individual diffusivities of the two
species [18]:

Deff=
2DNa+DOH−

DNa+ +DOH−

(6)

The effective diffusion coefficient is constant at a given
temperature.

3. Results

3.1. Mixing of binary solid particles

When the binary mixture is fluidized by a liquid, the
stratification pattern changes with liquid velocity as
shown in Fig. 2. At low superficial velocities, particles
are stratified in two layers, the layer of glass beads
(small particles) is below the layer of active resins (a).
With increasing liquid velocity the population of the
lighter/larger resin particles in the lower layer of glass
beads increases (b). Further increase in the liquid veloc-
Table 1
Particle properties

rap (kg m−3)SD (mm)d( p (mm) Ar (−)Substance

Active resins (AR)
Diaion SK116 (in 1320 715614 135

H+ form)
Inert particles

76176Glass beads (GB) 38 2450
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Fig. 1. Schematic diagram of experimental apparatus. 1, Tank (Solution of NaOH); 2, Tank (Water); 4, Buffer; 5, Gear pump; 6, thermostat; 7,
Movable piston; 8 Fluidized bed (f=39 mm, L=600 mm); 9, Calming section, 3; 10, Conductivity-meter; 11, On-line cell; 12, Reservoir; 13,
Balance.

ity results in higher expansion of the fluidized bed and
a better mixing of the two different particles. At a liquid
velocity (u=um), nearly complete mixing of components
occurs (c): the active resin particles are uniformly dis-
persed from down to bottom of the bed at a maximum
height of binary mixture. A further increase in the liquid
velocity (u\um) leads to a migration of the smaller glass
beads to the upper layer and a decrease of the amount
of glass beads remaining in the active resin layer. In
parallel, the height of mixing zone is reduced (d).

In contrast to several authors [5,19], no complete layer
inversion phenomenon is observed. This discrepancy of
mixing states can be attributed to the different particle
properties, e.g. size distribution, difference of densities,
and also the overall bed composition. The mixing state
(c) in this work has also been observed by Jean and Fan
[12] and Gibilaro et al. [11]. The observed mixing
behavior can be considered as ‘gradual layer transposi-
tion’.

For the above case, the top surface heights of the active
resins layer hAR and of the glass beads layer hGB are
shown in Fig. 3 as a function of the superficial liquid
velocity. For comparison, the expansion characteristic of
the mono-component system of active resins is shown in
the same figure.

When the composition of the binary particles fluidized
bed is varied, the maximum mixing height and the
optimal mixing velocity of the liquid um is changed. For
a given amount of active resins, the mixing velocity (um)
decreases with an increasing volume fraction of glass
beads:

fGB=
VGB

VGB+VAR

(7)

where VGB and VAR are the volumes of glass beads and
active resins in the mixing layer, respectively.

The fraction fGB represents the mixing capacity of the
glass beads in the active resin at the optimal mixing liquid
velocity um. The change of the optimal mixing liquid
velocity um as a function of the volume fraction of glass
beads fGB is shown in Fig. 4 for various compositions in
the mixing layer. With a decrease in the volume fraction
of glass beads in the mixture from 85 to 20%, the mixing
liquid velocities um increase from 9 to �11.7 mm s−1.

The relationship between optimal mixing velocity and
composition in the mixing layer is given by the following
equation:

um=11.9−3.3 · 10−4fGB
2 (8)

3.2. Effect of inert particles on mass transfer
coefficients

A binary mixture of particles consisting of 10 ml of
active resins and 30 ml of glass beads as inert particles
was employed. The mass transfer coefficients were mea-
sured at different liquid velocities corresponding to
different mixing states. The experimental results from
binary- and mono-component systems are shown in Fig.
5. When the liquid velocity is low, only a small part of
active resin is mixed with glass beads (Fig. 2 (a)). The
effect of the inert particles on mass transfer is negligible.
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Fig. 2. Stratification and mixing behavior of a binary fluidized bed
with increasing superficial liquid velocity (�, Active resin, �, glass
beads).

mixtures with different volumetric fractions of glass
beads from 20 to 85% are studied. Fig. 6 illustrates
the experimental results. The mass transfer coefficients
are plotted against the optimal Reynolds number Rem

corresponding to the optimal mixing state with the
mixing liquid velocity um. As a characteristic length,
the diameter of the active resins is used.

As a comparison, the results for mass transfer co-
efficients measured with active resins in a mono-com-
ponent system are shown in the same figure as a
function of the Reynolds number. As can be seen, the
presence of smaller inert particles in the layer of ac-
tive resins leads to a significant increase in the mass
transfer coefficient. At the highest concentration of
inert particles, the observed mass transfer coefficient
in the binary mixing layer is up to 20% higher com-
pared to the mono-particle system.

4. Discussion

The value of the mass transfer coefficient kL with
binary solid particles is substantially higher than that
measured without the inert particles at the same liq-
uid velocity. The increase in mass transfer coefficient
can be explained by an intensification of turbulence
near the surface of the active particles. The distur-
bances produced by the small particles upon the
transfer interface of active resins leads to a reduction
of the thickness of liquid film around the active
resins. In consequence, the mass transfer resistance is
decreased.

In order to present the effect of smaller/heavier in-
ert particles on the mass transfer rate in a systematic
way, the experimental results for binary and mono-

The difference between mono-component fluidized
beds and binary systems becomes more pronounced
with increasing liquid velocity due to the fact that
more glass beads are mixed with active resins. After
passing a maximum value, the mass transfer coeffi-
cient decreases with further increasing liquid velocity.
The reason is the segregation of the layers leading to
a decrease of the concentration of glass beads in the
binary particle layer (Fig. 2 (d)).

The liquid velocity for optimal mixing state varies
with the bed composition as shown in Fig. 4. To
compare fluidized beds with different compositions of
inert and active particles, the state of optimal mixing
corresponding to mixing velocity um is chosen. Binary

Fig. 3. Expansion characteristic of binary layer and mono-component fluidized beds.
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Fig. 4. Mixing liquid velocity as a function of the volume fraction of glass beads in the mixing layer.

Fig. 5. Effect of inert particles on the mass transfer coefficients as a function of Reynolds number.

component systems are correlated in a dimensionless
form. Theoretical predictions and experimental correla-
tions of mass transfer rates for single particles from the
literature [20–24] are as follows:

Sh=2+B1 Re1/2 Sc1/3 (9)

Sh=B2 Re1/2 Sc1/3 (10)

Eq. (9) shows that Sh�2 as Re�0, which is a theoret-
ical value in the absence of convection. For practical
purposes, particularly at moderate flow rates, the limit-
ing value 2 in Eq. (9) is negligible compared to the
second term. Therefore, Eqs. (9) and (10) are virtually
identical. The value of the coefficient B2 is found to be

between 0.55 and 0.95 [25–31].
Mass transfer between fluidized solid particles and

liquid has been studied extensively over a wide range of
Reynolds numbers. It appears that most of the reported
experimental data can be adequately described by the
following correlation [18, 32–34]:

Sh= (0.8190.05)o−1 Re1/2 Sc1/3 (1BReB1000)
(11)

The voidage o accounts for the effect of the concentra-
tion of neighboring particles.

In Fig. 7, the correlation (Eq. (11)) is compared to
the observed mass transfer coefficients with the mono-
component system. The experimental results agree well
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with the correlations proposed in the literature.

Sh=0.82o−1 Re1/2 Sc1/3 (4BReB10) (12)

The mass transfer for a binary system is presented in
the same form to allow the comparison with mono-
component systems:

Sh=B3o
−1 Rem

a Sc1/3 (13)

In this correlation, Rem is the mixing Reynolds number
which is calculated at optimal mixing liquid velocity for
different fractions of glass beads fGB (Fig. 4). The
method of ordinary least-squares regression has been

used to fit the experimental data. The final correlation
proposed for the binary particle system is given by the
following relationship:

Sh=7.55o−1 Rem
−0.6 Sc1/3 (5BRemB8; 0.7BoB0.9)

(14)

The most striking difference in the behavior of the
binary system compared to a mono-component
fluidized bed is the decrease of the mass transfer coeffi-
cient with the optimal mixing Reynolds number Rem.
This result can be explained by the fact that smaller
amounts of inert particles are retained in the mixing

Fig. 6. Influence of Reynolds number on the mass transfer coefficients in binary- and mono-component fluidized beds

Fig. 7. Experimental results compared to predicted mass transfer coefficient in binary- and mono-component fluidized beds
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layer when the optimal mixing liquid velocity um in-
creases. Therefore, higher values of Rem correspond to
lower concentrations of the smaller inert particles in
the mixing layer leading to reduced mass transfer co-
efficients. Another reason for the observed phenomena
is the fact that the voidage of the mixing layer under
optimal conditions decreases also with increasing liq-
uid velocity. Finally, the mass transfer coefficient for
binary systems have to meet the curve of the mono-
particle system for fGB�0.

5. Conclusions

In the present paper, the mixing characteristics for
binary spherical solids of different density and size is
studied. The influence of the mixing state and volu-
metric fraction of inert particles on mass transfer of
active particles are systematically investigated.

Significant enhancement of mass transfer coefficients
between particles and liquid can be achieved in
fluidized beds by mixing smaller/heavier inert particles
with larger active particles. This experimental fact in-
dicates that the smaller/heavier inert particles can be
used to intensify the turbulence near the surface of the
active particles, thus reducing the thickness of the dif-
fusion layer and therefore the mass transfer resistance.

The obtainable enhancement of kL depends on the
fraction of inert particles in the binary mixture layer.

The solid–liquid mass transfer coefficients of bi-
nary-mixture are well correlated by Eq. (14) in terms
of the dimensionless form.
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Appendix A. Nomenclature

total surface area of particles in fluidized bedA
(m2)
Archimedes number, Ar=d( p

3(rap−r)rg/m2(−)Ar
Bi constant (−)
Cin inlet concentration of sodium hydroxide (mmol

l−1)
outlet concentration of sodium hydroxideCout

(mmol l−1)
f volumetric fractions of solid particles (−)

mean particle diameter (m)d( p
diffusion coefficient (m2 s−1)D
gravity acceleration (m s−2)g
height of top surface of particle layer (m)h

kL liquid side mass transfer coefficient (m s−1)

Q liquid flow rate (m3 s−1)
Reynolds number (Re=rud( p/m (−)Re
mixing Reynolds number (Rem=rumd( p/m (−)Rem

terminal Reynolds number (Ret=rutd( p/m (−)Ret

Schmidt number (Sc=m/rD) (−)Sc
Sherwood number (Sh=kLd( p/D (−)Sh
superficial liquid velocity (m s−1)u
optimal mixing liquid velocity (m s−1)um

ut terminal setting velocity of a single particle
(m s−1)

V volume (m3)
Greek symbols

bed voidage (−)o

viscosity (kg m−1 s−1)m

liquid density (kg m−3)r

rap apparent density of solid particle (kg m−3)
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