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A hollow fiber module, an artificial kidney consisting of 8,000 fibers of 0.025 cm in
diameter and 16 cm in length, was used as a reactor for hydrolysis of sucrose. In the
tube side of the reactor, invertase was encapsulated and reactant liquid with dissolved
sucrose was fed continuously to the shell side. The axial dispersion coefficient of the
reactant fluid in the shell side was measured by step change of blue-dextran solution to
correct the influence of liquid mixing on mass transfer rate, and the coefficients were

found to be neary constant irrespective of fluid velocities.

number, PeB, was 5.3.

The value of the Bodenstein

Also the mass transfer resistance, 1/Kos (min/cm) of the sucrose

was measured and was correlated by the following equation as a function of interstitial

liquid velocity, V, (cm/min).
1/Kee=121.5+227.7V,9-¢

Theoretical analysis based on the axial dispersion model was carried out to predict

the degree of conversion in the reactor,

The use of hollow fiber modules for carry
out enzyme catalysed reactions has recently
been given considerable attention. Rony?®
was perhaps the first to point out the many
advantages of encapsulating enzymes as a
solution in the tube side of a hollow fiber
module. He provided relationships for
calculating the overall effectiveness factor
which accounted for both internal and
external diffusion resistances. These equations
for planar, cylindrical and spherical
membrane systems, are restricted to first
order kinetics. Fink et al.® proposed a
general procedure for calculating numerically
the overall effectiveness factors for Michaelis-
Menten kinetics. Georgakis et al. considered
theoretically the design of stirred reactors
with hollow fiber catalysts for Michaelis-
Menten kinetics and recently simulations of
experimental data for a similar type of
reactor were carried out by Kawasaki et al.®

Another form of hollow fiber reactor in
which the enzyme is placed in the sponge

Good agreement was obtained between the
predicted values and the experimental data.

film attached to the shell side of the tube
walls, has been theoretically analyzed by
Waterland et al.% and Kim et al.®

Experimental studies involving hollow fiber
reactors have been reported by many
workers.”"'¥ However, the effects of the
axial dispersion of the reactant fluid and the
mass transfer resistances from shell to tube
sides on the degree of conversion in these
reactors have not been thoroughly investi-
gated, except in the theoretical work of
Webster and Shuler.'®

In our work, the axial dispersion of fluid
and mass transfer resistances were measured
and later experimental data obtained from
the hydrolysis of sucrose by invertase were
simulated using a theoretical model.

Materials and Methodsl

Hollow fiber module The hollow fiber module
(Model No. AHFK K-1) used was an artificial kidney
produced by Asahi Medical Co., Ltd., Toyohashi,

Japan, and contained 8,000 fibers arranged in a con-
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figuration resembling a shell-and-tube heat exchanger.
The active length, inside diameter and outside diameter
of each fiber were 16 cm, 0.26 mm and 0.3 mm, re-
spectively. The fibers were made from ‘“‘Cuprophane”
and had a nominal molecular weight cut-off of 23,000.
A bundle of these fibers was fixed in a shell, 4.46 cm in
inside diameter.

Enzyme Concentrated solutions of yeast inver-
tase (M. W. 27,000'®) prepared by British Drug
House, Ltd., were used to catalyze the hydrolysis of
sucrose into invert sugar. Enzyme concentrations in
the mixture are expressed as the volume of original
enzyme solution per liter. The activity of one milliliter
of the original enzyme solution was 6.47 units, when
one unit was defined as the quantity of enzyme required
to invert the sucrose of 1 gumole per minute in a sucrose
solution of 10 mg/! under optimum conditions, 30°C,
pH 5.0. The rate constant of the enzyme, used for
calculations in this work, was determined by Mukataka
and Kobayashi.!?

Substrate First grade sucrose (Wako Phar-
maceutical Co., Japan) was dissolved in 0.1 M acetate
buffer (pH 5.0) at a concentration of 0.117 M.

Reactor The experimental apparatus is shown
schematically in Fig. 1. The shell of the module was
filled with a buffer solution and sealed. Invertase in a
buffer solution was then circulated slowly through the
tubes until all of the tubes were filled and no bubbles
appeared in the outlet stream, and the end of the
bundle was sealed with rubber caps. The module was
immersed in a water bath held at 30°C. The seals of
the shell side liquid were then opened to permit the
buffered substrate solution to flow. The substrate
reservoir was also maintained at 30°C in the water
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Fig. 1. Schematic diagram of experimental apparatus.
H: Head tank K: Heat exchanger

M: Orifice meter R: Membrane reactor
T : Substrate storage tank V: valve
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bath and the solution passed through a heat exchanger,
located before the reactor. Flow rates of the substrate
solution were kept at from 1l to 80 ml per minute.
The concentration of invert sugar in the outlet stream
was measured by the Somogyi method!® and then the
conversion of substrate was calculated.
Measurement of axial dispersion coefficient
A method by the step-down change in tracer concen-
tration was employed for the measurement of the axial
dispersion coefficients. Blue-dextran (M.W. 2x 108)
which had no diffusivity through the membranes of
the tubes was used ‘as a tracer. The inlet tracer con-
centrations were about 2 g/l and the specific gravity of
the tracer solution was adjusted to the same value as
that of tap water with ethanol. The tracer solution
was flowed through the shell side of the module and
then replaced by tap water at given flow rates from
4.8 to 119.0 ml/min. Concentrations of the tracer were
measured with a photospectrometer at 630 nm.
Measurement of mass transfer resistances
Mass transfer resistances of sucrose from tube to shell
side were calculated from the experimental data
obtained at 30°C and pH 5.0. A buffered 0.117 M
sucrose solution was flowed through the tube side of
the module at flow rates from 20 to 90 ml/min. Also,
a buffered 0.117 M maltose solution which had the
same osmotic pressure as the sucrose solution was
flowed through the shell side at flow rates from 6 to
100 ml/min in a countercurrent direction from that of
the tube side flow.
Maltose concentrations
Somogyi

were measured by the
method. The sucrose contained in the
outlet solution was perfectly hydrolyzed by the invertase
and then its concentration was calculated from the
increment of reducing sugar, measured by the Somogyi
method.

Theoretical Analysis of
Reactor Performance

The degree of conversion in an immobilized
enzyme reactor has been analyzed theore-
tically by taking into account the axial
dispersion and mass transfer resistance by
Kobayashi and Moo-Young.!®  Their
analytical method can be applied for the
analysis of the performance of a hollow fiber
enzyme reactor.

Consider the performance of a hollow
fiber reactor under steady state conditions.
According to Mukataka and Kobayashi,'”
the apparent Michaelis-Menten equation
for enzyme kinetics, Eq. (1), can be applied
to sucrose hydrolysis by invertase.
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v KCsCs (1) Thus, Eq. (4) can be rewritten as follows in
K'm+Cs dimensionless form o
where (1/PeB)(d*Y[dZ?) —dY[/dZ— (W/[2){Y
I —Kn/K;—Kn|Ks . . o (9)
| =1.19x 107 exp (—4.53 x 10}/T") (2) with the boundary conditions; o
an

[ 1+Cl0/Kf"I"CJO/K’ —
K"""I/K.—l/Kf—l/Ko——G“—F” @)
The idealized concentration profiles of
substrates (radial cross section) is shown in
Fig. 2. The material balance for the substrate
gives the following differential equation.

Da(d*C[dl*) — s (dCi/dl)

— (Kosafes) (Cs—Cs*) =0 4)
According to Danckwerts,* boundary condi-
tions are

Ci—(Dafv:)(dCs/dl)=Cl0o ; at =0 (5)
and
dC./di=0 ; at /=L (6)

where Cio refers to the substrate concen-
tration at the inlet.

Under steady state conditions, the mass
transfer rate will be equal to the reaction
rate, 1.e.: .

Koia(Cs —Ci*)=Ese:[k'CzCi* | (Ka'+Ci*)]

(7)
where E; is the effectiveness factor.*"

From Eq. (7), the dimensionless concen-
tration of the substrate at the inside surface of
the tube is given by the following equation.

Y*=—%~{Y—Eﬂz—3
+ (Y—E,a—B)+48Y}  (8)

| ‘Membrane Liquid film.
/ .

, - 1Cs :
! // |
¢ Bulk fluid

0
0 - [ g

Fig. 2. Concentration profile of substrate.

Y—(1/PeB)(dY[dZ)=1 ; at Z—=0 (10)
dy/dZ=0  ;atZ=I1 (11)
Solutions to Eq. (9) can only be obtained by
numerical means.

When the Bodenstein number (PeB) is
infinity, i.e., a plug flow reactor is employed,

Eq. (9) is reduced to
dY/dZ=—(W[2{Y+E,a+pB
—+/(Y—E;a—B)*+4BY} (12)
with the following boundary condition;
Y=1; at Z=0 (13)
The solution of Eq. (12) is given by Eq. (14)
for a constant value of E;.
—2EraW=Y.—1+AIn Y.+ C

YedA—Ci |
+BIn?2 Ye—{—BiC;l—}—A | 7 E4=E

~{p+B 1n2‘1+3i1)1
14 14%%%%%’} (14)
where
Y=Y.; at Z=1,
A=Ejat+ﬁ 5 B=B~—;Eja4 B
Ci=+'Y3+2BY.+ A%,
and D=+/142B+4°
The outlet dimensionless concentration of

the substrate (Y.) can be obtained by a
trial-and-error method from Eq. (14).

Results and Discussion

Axial dispersion coefficients From
van der Laan/® the relationship between
PeB and the variance, *, of the residence
times is given by the following equation.

3 =—P5—E[PeB—- I-+exp(—PeB)|  (15)

where 3% is defined by Eq. (16)
az.—_zfgm(gﬁ)d;ﬁ—l (16)

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

434 KATAOKA ¢t al.

1.0 T T T T T T
R PeB =00
r‘--(F*.ston flow)
a8 ) b
To6} 4
2
<
04} -
&
02 T
0 1 1 3 -l A |
0 04 Q8 12 16 20 24 .28

#&0/8 [-)
Fig. 3. Response to step change of tracer in shell side
liquid.
Liquid flow rate (ml/min): 4.8 (QO), 11.0 (A), 44.0
(&), 119.0 ).

A constant value of PeB, 5.3, was obtained
from Eq. (15), in which values of * were
calculated graphically from Eq. (16) by a
trial-and-error method. The theoretical
solution of residence time distribution based
on a dispersion model has been given by
Yagi and Miyauchi.*®

The residence time distribution curve is
shown in Fig. 3, being represented by a
single curve in dimentionless form for various
liquid flow rates.

Also, the theoretical values for the dis-
persion model (PeB=5.3), piston flow and
perfect mixing are plotted in the figure.
Agreement between the experimental values
and those for the axial dispersion model is
quite good. These results also show that
the mixing characteristics of fluids are ap-
proximated by the dispersion model and that
PeB is nearly constant, regardless of the fluid
velocity in the reactor. Also, it is very
interesting that the value of PeB, 5.3, is very

close to that of the shell-and-tube heat
exchanger, PeB=8.%"
Mass transfer resistances When shell

side and tube side liquids flow against each
other, the mass transfer resistance from the
tube side to the shell side is divided into three
terms, i.e., that of the fiber film (1/k,4,),
the shell side liquid film (1/kz:4.) and the
tube side liquid film (1/kzed:).
The over-all mass transfer
(I/Kovon) is given by Eq. (17).
1/KovAov=1[kzs As+1[ksAs+1[kied: (17)

resistance

[J. Ferment. Technol.,

Also, one can assume the following relation-
ship for mass transfer area, because the
thickness of the liquid film and of hollow
fiber membrane is very small.

on=Ac=Af=At (18)

Accordingly, mass transfer resistances are
given by the following equation.

1/Kov=1/kzs+1/ks+1[kzs (19)

In this experiment, the tube side liquids were
passed through the reactor in laminar flow,
since the Reynolds numbers were smaller
than 3. Therefore, kz: can be calculated
by Leveque’s equation®® given by Eq. (20).

(kuefor) (Se¥/%) = 1.61 (Re)-3(L[d)1/*  (20)

By using the value of the diffusion coefficient
of sucrose, 5.6 X 10~¢ cm?/sec, published in the
literature,?® the values of kz: were calculated
for various values of »: as shown in Fig. 4.
Concerning the shell side liquid film
resistances, the following Eq. (21) is
assumed to be applicable from the correlation
of liquid film heat transfer coefficients of
shell-and-tube heat exchangers*” by applying
the analogy between heat and mass transfer.

21

When the mixing characteristics of the shell
side liquid are approximated by the dis-
persion model, and the shell side and tube
side liquids flow against each other, the
following equations are derived from the
material balance under steady state con-
ditions by neglecting the foreflow section in
the laminar flow region!*® and the effects
of the ends of the tubes,* since L/d>600.

krs oc v,

1 2 5 10 20 50 100
Vi [cm/min]

Fig. 4. Effect of tube side interstitial velocity on tube
side liquid film resistance, based on Leveque’s

equation, Eq. (20).
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Da(d*Cse[d 1) —ve(dCis[dl) 700 . . . . . .
-—(Kud/et) (Cu—C.:)=O s (22) ) ﬁ
600}~ A4 4
v:(an/dl)-i—(Ko-a/e:) (C::——CM) =0 5 A
(23) _ 500}~ i
Boundary conditions; §
Cis— (Da[0s) (ACss/dl) =Cio (24) £ 400

where subscriptions s and ¢ refer to the shell
side and tube side, respectively. The above
simultaneous differential equations (22) and
(23) were solved analytically by Miyauchi
and Vermeulen®®” and Tadaki and Maeda.®®
If one assumes that the substrate concen-
trations in the tubes at the inlet are zero
and those in shell side are Ci., the analytical
solution is given as follows.

(G ) =g —m) (1 —4S)em r/{ (R—4SR

+2u11) ek — (R—4SR+241) ek

—88 (01— ta) e+ 0} (26)
where
S=ﬂef— , R=2Koeafv: ,

= (P s+ J{TE)—sa + (PP

() on )+ P

By applying the trial and error method, one
can determine the values of Ko» which fit
Eq. (26) by using the experimental values
of the outlet concentration, C:.. Then,
the mass transfer resistance, 1/Ko:40s, which
is necessary for the design of reactors, is
given as follows:

1/Kos=1[ks+1[krs=1[Koo—1[ke (27)

By substituting the values of Ko» from Eq.
(27) and those of kze from Eq. (20) into
Eq. (27), values of 1/Kes were calculated
and then Wilson plots*® for 1/K.. against
v:"%¢ are tried in Fig. 5. Also, the values of
1/Kos which were calculated assuming piston
flow to apply for both shell and tube side
liquids are plotted in the figure.

The values of 1/Ko: which were calculated
taking into account fluid mixing are rather
small comparing with those calculated

1Kos
8

]
8,

100

0 0z Oh 08 08 10 1z 14
V508 [(crviming®]

Fig. 5. Wilson plot.
O: { Tube side. . . piston flow
* | Shell side ...dispersion model
/A : Both sides, .. piston flow

without considaring liquid mixing, and are
correlated by the following equation:

1/Kos=121.5-+227.70,79°8 (28)

Therefore, the value of ks becomes 121.5
min/cm from Eq. (28).

Reactor performance Conversions
obtained at the outlet as a function of
residence time are shown in Fig. 6. Also
values predicted by Eq. (14) for piston flow
and by Eq. (9) for the dispersion model
are plotted in the figure. The numerical
solution of Eq. (9) was obtained by a
quasilinearization method.**

1.0 T T T T T T
0.8~ ]
-Id ’/"" ”-—
- - )
Josf- e
3 = ==
Z
H 0.4 P ,’/ 3
-— Z
0.2~ -
0 L] 4 L] 1 1 1 -
0 2 4 ] 8 10 12 14
8 [min)
Fig. 6. Comparison of experimental data with theoreti-
cal values.
Enzyme concentration (ml/l): 5 ((7]), 10 (A),
Theoretical values: Piston flow (----),

Dispersion model, PeB=5.3 (——).
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Table 1.  Effectiveness factor for enzyme, tube side Kos : mass transfer coefficient defined by Eq.
‘ configuration. (27), cm/min

C:  [my] 5 10 Kov : overall mass transfer coefficient defined

: by Eq. (19), cm/min

Ce [g-mol/l]  0.117 0 0.117. 0 k : rate constant, g/ml-min

E; [—] 100 0988 0.994 0.963 ks : membrane mass transfer coefficient, cm/
: ' min

The effectiveness factor, Ey, was calculated
by using an approximate solution*’ accordlng
to Roberts’ analytical method.®® Values of
Ey: calculated for two extreme cases of
substrate concentration, Ci=Ci (0.117 M)
and C.=0, corresponding to each enzyme
concentration, Cr=>5 and Ce=10 ml//, are
shown in Table 1. }

To simplify the calculation of Egs. (9) and
(14), average values of Ey were used, although
they varied slightly with C.. From Fig. 6,
it is clear that predicted values based on the
axial dispersion model rather than those
using the piston flow model agree well with
experimental values and also that the
analytical method employed here is useful.

Nomenclature

Ay, Asy Ae: mass transfer areas of fiber film,
shell side and tube side, cm?

Aov : overall mass transfer area, cm?

a : membrane surface area per unit volume
of reactor, cm™!

Cr : enzyme concentration, ml//

C: : substrate concentration, g-mol/l

Cs* : substrate concentration at inside surface
of tube, g-mol/l

Cn, Cio: substrate concentrations at exit and
inlet, g-mol/l

C:: : substrate concentration in shell side,
g-mol//

Cre, Cro: tracer concentrations at exit and

~ inlet, g/l
D. : axial dispersion coefficient, cm?*/min

D : molecular diffusivity of substrate, cm?/
min -
d : inside diameter of tube, cm

E; : effectiveness factor, —

K;, Ky, Kn: dissociation constants of complexes
of fructose-enzyme, glucose-enzyme and
sucrose-enzyme, g//

kis, kie: liquid film mass transfer coefficients
of shell side and tube side, cm/min

L : effective reactor tube length, cm

! : longitudinal distance of reactor from
inlet of tube, cm

PeB: Bodenstein number (=v:L/Da), —

Re : Reynolds number (=2rv.0/¢t), —

R($): residence time distribution function, —

r : radial distance of fiber, cm

Se : Schmidt number (=g#/oDs), —

T : absolute temperature, °K

vs, ve: interstitial velocities in shell side and
tube side, cm/min

W : dimensionless parameter (=Ko:aL/e:vs),

Y, Y*, Y.: dimensionless substrate concentra-
tions defined by Cn/Cn, Ct*/Cu and
Cire[Croy, —

Z : dimensionless longitudinal distance
(=I/L), —

a : dimensionless parameter (=k'Cze:/Kos
aCac), _—

B : dimensionless parameter (=K'm[Cso), —

€, €:: volume fractions of shell side and tube
side in reactor, —

: time, min

: mean residence time, min

: viscosity of liquid, g/cm-min

: density of liquid, g/cm?®

: variance, —

: dimensionless time, —
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