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Abstract Gas-liquid (G-L) and liquid-solid (L-S) mass transfer coefficients were characterized in a gas-liquid-solid
(G-L-S) three-phase magnetically stabilized bed (MSB) using amorphous alloy SRNA-4 as the solid phase. Effects
such as superficial liquid velocity, superficial gas velocity, magnetic strength, liquid viscosity, and particle size were
investigated. Experimental results indicated that the G-L volumetric mass transfer coefficients (Kia) increased
along with the magnetic strength, superficial gas and liquid velocities. Proper increase of liquid viscosity promoted
K a only in the range of lower liquid viscosity. The external magnetic field made L-S mass transfer coefficients (Kj)
in the G-L-S MSB lower than those of conventional fluidized beds. K; in the MSB almost kept constant as the su-
perficial liquid velocity and superficial gas velocity increased and decreased with the liquid viscosity and surface
tension, while increased with the particle size K showed uniform axial and radial distributions except of small de-
creases close to the wall. Dimensionless correlations were established to estimate Kja and K of the MSB with

SRNA-4 catalysts , which showed the average error of 5.4% and 2.5% respectively.
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1 INTRODUCTION

Magnetically stabilized beds (MSB) exhibit an
unique combination of packed-bed and fluidized-bed
properties. Gas-liquid-solid (G-L-S) three-phase MSB
has recently attracted more attention in the field of
biotechnology processes (such as bioseparation or
immobilized enzyme systems) and chemical engi-
neering(such as the hydrogenation reaction system).
The interphase mass transfer behavior plays an im-
portant role in the optimal operation of practical MSB.
However, many reports indicate that both the
gas-liquid (G-L) mass transfer coefficients (Kpa) and
the liquid-solid (L-S) mass transfer coefficient (K;) are
greatly influenced by the operation system in the
MSB.

In the case of G-L mass transfer, many investiga-
tions studied Kia in the G-L-S MSB with different
solid phases. Weng et al.'"! reported that the increase of
magnetic strength enhanced Kia and established the
G-L mass transfer models for three-phase MSB reactors
using magnetic al%inate particles as the solid. Thomp-
son and Worden' studied a three-phase fluidized bed
equipped with an axial magnetic field and concluded
that K; @ maintained the same value or decreases as the
magnetic field increased. Al-Qodah and Al-Hassan"
studied a three-phase stripper containing magnetic
Fe;04 particles under the external radial magnetic
field and claimed that K;a become higher as the gas
velocity and the magnetic strength increased, and Kia
showed a linear relationship with the gas velocity at a
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constant magnetic strength. Chen and Leu' investi-
gated the mass transfer of three-phase MSB with Ni
powders of 194um diameter and concluded that Kja
of MSB was enhanced by the magnetic strength and
could be increased by 70 % at higher magnetic
strength, which was close to the mass transfer coeffi-
cient of G-L bubbled columns.

On the other hand, there were only few reports
with controversial conclusions on the local L-S mass
transfer behavior in the G-L-S MSB. Some investiga-
tions" ™ suggested that the external magnetic force
enhanced the L-S mass transfer, and K, increased with
the magnetic strength. However, other reports® '
indicated that the external magnetic field played nega-
tive roles in K.

The ferromagnetic catalyst of SRNA-4, an
amorphous nickel alloy catalyst, has high hydrogena-
tion activity at low temperature. Meng et al.l'" has
used SRNA-4 in the MSB for purification of
caprolactam. So far, no report has been found about
the interphase mass transfer characteristic of the
G-L-S MSB with commercial magnetic catalyst parti-
cles of SRNA-4. In this study, Kia and K in the
G-L-S MSB using amorphous alloy SRNA-4 as the
magnetic solid phase are measured and correlated. The
results may be valuable to the practical design and
optimization of MSB using SRNA-4 as the catalyst.

2 EXPERIMENTAL
A schematic diagram of the experimental appa-
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ratus of a magnetically stabilized bed is shown in
Fig.1. The Plexiglas column is 1.5m in height with an
i.d. of 0.1m. The axially uniform magnetic field was
provided by seven similar DC-powered copper wire
coils surrounding the column with 0.16m i.d. and
0.Im in height. All experiments were carried out at
(25£1)C. The liquid flow rate was measured by
calibrated rotameters with the precision of 2.5%. As
the gas phase, air was introduced into the reactor
through an air compressor, the air volumetric flow rate
was measured by the rotameter (with the precision of
2.5%). The solid Phase was spherical amorphous alloy
catalyst SRNA-4""" with the diameter of 80—120um
and 120—200pum, the apparent density of 2500kg'm °.
The viscosity of the solution was adjusted within the
range of 1—5mPa-s by the adding of sodium car-
boxymethyl cellulose and measured by a viscometer
(NDJ-7, Shanghai Tianping). Surface tension of solu-
tions was adapted to the range of 54—72mN-m ' by
the addition of a nonionic surfactant and measured by
a tensiometer (XP-2000, ZhongChen).

Figure 1 Experimental set-up of MSB
1—fluidized bed; 2—field coils; 3—direct power; 4—testing
instrument; 5—pressure sensor; 6—gas rotameter; 7—air com-
pressor; 8—liquid pump; 9—heater and controller; 10—liquid
distributor; 11—gas-liquid distributor; 12—liquid rotameter;
13—liquid tank

Sodium sulfite (0.5mol-L"") aqueous solution was
used as the liquid phase, which contained 0.001mol-L "'
cobalt sulfate as the catalyst for the oxidation of sul-
fite. The overall G-L volumetric mass transfer coeffi-
cient, K a, is determined by means of the oxidation of
sodium sulfite method™. Oxygen concentration of
the gas phase and sodium sulfite concentration of the
liquid phase inside the reactor was measured using the
titrimetry.

The electrolytic solution was a mixture of
0.001mol-L™" potassium ferrocyanide, 0.001mol-L""'
potassium ferricyanide and 0.02mol-L ™" sodium hy-
droxide. Sodium hydroxide was added as the electro-
lyte support to minimize the migration effects. The

electrochemical method"* "% was used to measure the

local L-S mass transfer coefficients(K;) in the MSB.

3 RESULTS AND DISCUSSION
3.1 G-L mass transfer behavior
3.1.1 Effects of the magnetic strength on K a

Figure 2 indicated that Kia increased with the
magnetic strength within the experimental range. The
average gas holdup was proportional to the magnetic
strength, i.e, the higher magnetic strength, the larger
average gas holdup g, (Fig.3). Additionally, it was
observed that the size of air bubbles decreased obvi-
ously as the magnetic strength increased, which en-
hanced the interfacial area as well as K a.
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Figure 3 Average gas holdup as a function of magnetic
strength and gas velocity
(u=1mPa-s, d,=80—120um, U=1.42mm-s ')
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3.1.2  Effects of superficial gas velocity on Kra
Figure 4 showed the effects of gas velocity on
Kia, which indicated approximately linear relation-
ship between K a and the gas velocity within the ex-
perimental range of magnetic strength and liquid ve-
locity. It is reasonable because the average gas holdup
increases and the average size of air bubbles decreases
with the increase of gas velocity, which enhance the
interface areas between gas and liquid phase. On the
other hand, the higher gas velocity accelerates the ris-
ing rate of air bubbles in the bed and promotes the
liquid turbulences around air bubbles, which reduce
the mass transfer resistance between the liquid film
around the bubble surface and the bulky liquid phase,
and consequently made K a increased.
3.1.3  Effects of superficial liquid velocity on Kia
Figure 5 showed that Kja increased only slightly
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Figure 5 Effect of superficial liquid velocity on K, a
(u=1mPa-s, d,=80—120pum, H=4kA'm ')
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with the liquid Velocit?'. According to the assumption of
Lara-Marquez et al'”), the average diameter of air
bubbles is in proportion to turbulent micro-scales.
Therefore, the G-L interfacial area increased in strongly
turbulent liquid phase and then Ky a become larger.
3.1.4 Effects of liquid viscosity on K a

The higher liquid viscosity facilitated both the
increase of air bubble size and the average gas holdup
(as shown in Fig.6). These two factors have adverse
influences on the G-L interfacial areas. Fig.6 indicated
that the average gas holdup has significant effects on
the G-L interfacial areas, comparing with those on the
average size of air bubbles. Thus, K;a increased with
the liquid viscosity in our experimental range
(u<5mPa-s) (as shown in Fig.7). This is consistent with
Chen and Leu'™ who reported that the Kia value in-
creased at lower liquid viscosity (u<SmPa-s) while de-
creased at higher liquid viscosity (¢>5mPa-s) using gas
distributors with small pore diameter (0.1mm).
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Figure 6 Effect of liquid viscosity on average gas holdup
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3.2 L-S mass transfer behavior
3.2.1 Effect of superficial liquid velocity and mag-
netic strength on Kj

Figure 8 indicated that K almost kept unchanged
with the liquid velocity. Song!”! draw the consistent
conclusion in a convention G-L-S three-phase fluid-
ized beds by using benzoic acid miscibility to measure
K. As the magnetic strength increased, K in the MSB
decreased, which is attributed to the influence of the
magnetic field on the particle coalescence. Under
higher magnetic strength, singly particles in the fluid-
ized bed gradually transferred into double-, triplet-, or
even multi-particle clusters. Consequently the L-S
mass transfer resistance became larger and the sway-
ing velocity of solid particles was limited, which re-
sulted in the lower value of K .
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Figure 8 Effect of liquid superficial velocity and magnetic
field intensity on K
(u=1mPa-s, c=71.97mN-m"', U=1.77m-s ™", d,=80—120um)
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3.2.2  Effect of superficial gas velocity on K

K slightly increased with the lower superficial
gas velocity, then turned to be constant at higher gas
velocity (as shown in Fig.9). At the initial stage of in-
troducing air into the bed, the liquid turbulence is ac-
celerated, however, the full-developed turbulence of the
bulky liquid will not obviously change even at higher
superficial gas velocity, which resulted in approxi-
mately constant value of K at higher gas velocity.
3.2.3  Effect of liquid viscosity on K

Figure 10 indicated that K decreased with the in-
crease of liquid viscosity. As the liquid viscosity in-
creased, the diffusion coefficient become smaller and
the diffusion boundary layer become thicker, which
made K decreased at higher liquid viscosity.
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3.2.4  Effect of liquid surface tension on Kj

As the liquid surface tension decreased, K be-
come larger (Fig.11). The lower liquid surface tension
can prevent the air bubbles from coalescence but en-
hance the gas holdup, so that there appeared much
more small air bubbles and the surface renewal fre-
quency was faster than that under higher surface ten-
sion. Thus the L-S mass transfer coefficient increased
which is accordance to the diffusion theory of Surface
Renewal Model.
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Figure 11  Effect of liquid surface tension on K
(u=1mPa-s, c=71.97mN-m ', H=4kA-m ', d,=80—120pum,
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3.2.5  Effect of particle size on K

Figure 12 indicated that K with larger particles
was higher than that with smaller size particles. In the
case of larger particles, the liquid turbulence is
stronger than that of smaller particles, which leads to
the decrease of the diffusion boundary layer. It is the
decreased diffusion boundary layer that results in the
higher K with larger particles.
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3.2.6 Radial and axial distributions of K

K, showed similar tendency of its radial distribu-
tion under various operating and property parameters.
Close to the wall occurred small decrease of K,
whereas no variation of K; was observed along other
radial positions (as shown in Fig.13). Fig.14 indicated
that K, had a uniform axial distribution in the G-L-S
three-phase MSB.
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3.3 Correlations for G-L and L-S mass transfer
coefficients

Based on the experimental results, it is suggested
that the G-L volumetric mass transfer coefficient is the
function of magnetic strength, gas and liquid velocity
and liquid viscosity in the MSB. The following di-
mensionless correlation was developed to estimate
K a in this type of MSB.
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Shl — 1.46Re10.0813F’/104491Scl.05

Ga"*™® exp(0.183H / H ) (1)

Eq.(1) fits the experimental data well under the meas-
ured conditions, i.e., the particle diameter of 80—
120pum, H=0—8kA'm ', Uz=0.6—4.2mms ', U~
1.2—2.6mm's ', and z=1—5mPa-s. The average error
between the calculated and the experimental data is
5.4%.

Combining the effect of magnetic strength with
the method of Hassanien”” for L-S mass transfer co-
efficients, the correlated equation was obtained as be-
low to estimate K.

S/’lz — 0.472Fr20.00443Ga0.420Rez—0.0141

Sc¥3 exp(-0.0802H / H_ ) 2)

Eq.(2) fits the experimental data well under the meas-
ured conditions, i.e., the particle diameter of 80—
200um, H=0—8kA'm ', U~0.6—4.2mms ', U=

1.2—2.6mm's ', y=1—5mPa-s, and 0=54—72mN'm .

The average error between the calculated and the ex-
perimental data is 2.5%.

4 CONCLUSIONS

Both G-L and L-S mass transfer behavior in
G-L-S magnetically stabilized bed were studied under
various conditions using amorphous alloy catalysts
SRNA-4 as the solid phase. Experimental results in-
dicated that the external magnetic field provided
higher G-L volumetric mass transfer coefficients in
three-phase MSB, comparing with those in conven-
tional G-L-S fluidized beds. Ky a increased along with
the magnetic strength, superficial gas and liquid ve-
locities, besides liquid viscosity with lower values. A
correlated equation was established to estimate Kja of
the MSB, and the average error between the estimated
and the experimental data was 5.4%.

It was found that L-S mass transfer coefficients
in the G-L-S MSB using amorphous alloy catalysts
SRNA-4 were lower than those in conventional fluid-
ized beds. K almost kept constant as the superficial
liquid velocity and superficial gas velocity increased,
whereas decreased with the liquid viscosity and sur-
face tension. However, K increased with the particle
size of SRNA-4 catalyst. K; showed uniform axial and
radial distributions except of slight decrease close to
the wall. A correlated equation of K was established
in the MSB, and the average estimation error was
2.5%.

NOMENCLATURE
D diffusion coefficient, m>s~
D, diameter of reactor, m
d,  diameter of particle, m

Fry Froude number (Fr=U, ; /gD.)

1

Fry Froude number of the solid phase (Fr="U, é /gd,)

December, 2006

Ga Galileo number (Ga= ds 2o /1P)

standard gravity acceleration, m-s~*

4

H magnetic field intensity, kKA-m ™'

H..x max magnetic field intensity(H =8 kA-m™)
Kia  gas-liquid mass transfer coefficient, s~

K liquid-solid mass transfer coefficient, m's
Re;  Reynolds number for liquid (Re=D.U,p/14))

Re,  Reynolds number for liquid (Re=(U, d,, p/11)

Sc Schmidt number of the solutions (Sc=u/pD)

Sh,  Sherwood number of the solutions (Sh=Kja-D,>/D)
Sh,  Sherwood number of the solutions (Sh=Kd,/D)
superficial gas velocity, mm-s ™'
liquid superficial velocity, mm-s
gas holdup, %

liquid viscosity, mPa-s

density, kg-m >

liquid surface tension, mN-m~!
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