A Novel Hollow-Fiber Reactor with
Reversible Immobilization of Lactase

Experimental and theoretical studies on a backflush hollow-fiber
enzymatic reactor (HFER) were conducted in this work for a lactose/
lactase system. An A. niger lactase was chosen, from the four lactases
tested, for reversible immobilization in the sponge layers of the fibers.
An enzyme loading procedure was developed that allowed reliable and
reproducible operation of the hollow-fiber reactor and produced indus-
trially significant conversions without apparent change in the activity or
stability of the lactase used. This reversible immobilization scheme also
permitted easy replacement of the enzyme used. The performance of
the backflush HFER was investigated and a large number of data con-
cerning its operation were obtained and interpreted. Momentum and
mass transports in such a HFER were analyzed, and mathematical mod-
els that took the experimental findings into consideration were also
developed and solved analytically and/or numerically. Predictions from
the computer model developed in this work were found to be in excellent
agreement with the experimental data collected, suggesting the possi-
bility of a priori design of a process-scale backflush HFER. With minor
modifications, the models developed are expected to be applicable to
hollow-fiber reactors with a wide selection of immobilized cells, organ-
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elles, and other enzymes.

Introduction

A large number of enzyme immobilization schemes involve
chemical coupling of enzymes to a solid support. In addition to
chemical binding, physical techniques such as adsorption, gel
entrapment, and encapsulation have been used. Enzymes immo-
bilized by encapsulation usually can expect to experience an
environment similar to that of free enzymes in an aqueous solu-
tion. In particular, if the enzyme is encapsulated after the for-
mation of an encapsulating medium, it should retain its intrinsic
kinetic properties.

Examples of the last method of immobilization are the hol-
low-fiber enzymatic reactor (HFER) investigated by Breslau
and Kilcullen (1975), Robertson et al. (1976), Rony (1971), and
Waterland et al. (1974, 1975). All these reactors allow the
enzymes to be truly immobilized under mild conditions without
causing alteration of their inherent kinetic behaviors. However,
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with the notable exception of the first work, all these reactor
schemes relied solely on diffusion as the means of contacting
substrates and enzymes.

Breslau and Kilcullen have suggested a number of HFERs in
which the bulk flow is an important transport mechanism. Of
great interest is the backflush mode of operating a HFER, in
which substrates flow from the shell of a hollow-fiber cartridge
to the lumina of the fibers, and enzymes ar¢ loaded into the
sponge layers of the anisotropic membranes simply by back-
flushing (flowing from shell to lumen) the reactor with a solu-
tion of the enzyme to be immobilized. Backflushing is illustrated
in Figure 1a. The extrathin membrane retains the enzyme while
allowing the solvent, the products, and the unreacted reactants
to pass through to the fiber lumen and flow out of the reactor.
This method of enzyme loading has also been adopted by Korus
and Olson (1977) and Pedersen et al. (1978).

The backflush HFER, that is, a HFER operated in backfilush
mode, is the simplest way of operating a hollow-fiber reactor
containing enzyme in the sponge layer that is not permanently
fixed. The enzyme in the sponge region is immobilized in the
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Figure 1a. Hollow-fiber reactor in backflush mode.
b. Cross section: holiow fibers in equilateral
triangle array.
c. Representative holiow fiber and surround-
ings.

sense that it is retained by the thin membrane with suitable
molecular weight cutoff and cannot enter the fiber lumen. The
enzymes so immobilized can be washed out easily for replace-
ment by simply reversing the direction of bulk flow in the reac-
tor, thus achieving reversible immobilization of enzymes.

The procedure for optimal enzyme loading and the perfor-
mance of a backflush HFER with reversible immobilization of
lactase were investigated experimentally in this work. Ex-
tremely high enzyme loading density and thus significantly high
substrate conversion were achieved. A large number of experi-
mental data associated with the performance of the reactor were
obtained, and it was found that enzyme loading, flow rate, and
feed concentration affected the conversion of lactose in a com-
plex relationship. Furthermore the performance of the reactor
was found to fall invariably between that expected for a plug-
flow tubular reactor and that for a continuous stirred-tank reac-
tor.

In addition to the experimental work conducted, momentum
and mass transports in a backflush HFER were also analyzed
and mathematical models were developed to describe the veloc-
ity and concentration profiles in such a reactor. Theoretical pre-
dictions based on numerical as well as analytical solutions of the
models were found to be in good agreement with the experimen-
tal data obtained.

A major conclusion of practical importance that emerges
from this investigation is that, using the enzyme loading proce-
dure and the reactor operating strategy established here, prop-
erly chosen enzyme can be reversibly immobilized in a commer-
cially available hollow-fiber cartridge to achieve reliable and
reproducible operation of the reactor and obtain industrially sig-
nificant conversion without major alterations of enzyme activi-
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ty, stability, and other kinetic properties. Once deactivated after
a period of continuous operation, the enzyme can be flushed out
easily by simply reversing the flow direction in the cartridge,
and the reactor will then be ready for reloading a new batch of
fresh enzyme.

The use of the backflush HFER is currently limited by two
considerations:

1. The feed must be of permeate quality in order to ensure
that particulates do not plug or damage the extrathin fiber
membrane

2. The flow rate must not be so high as to allow the pressure
drop across the membrane to exceed the burst strength of the
fibers
These limitations are not of major concern in many enzyme-cat-
alyzed reactions, since high-pressure differentials cannot be
tolerated by most enzymes anyway, and in many industrial
applications of enzymes, the product must be of permeate quali-
ty. Furthermore, recent developments in polymer processing
may quickly eliminate the problem concerning the burst
strength of the fibres.

Model Development

There is no record in the literature of previous attempts to
mathematically model the performance of a backflush HFER.
Researchers who previously studied HFER’s used them in such
a way that there was either no convective flow through the fiber
sponge or the fluid had a constant flow rate in the lumen.

In this work, it is assumed that the fibers in the cartridge are
arranged in a regular pattern, namely, an equilateral triangular
pitch as shown in Figure 1b, although they are positioned in a
random manner. This simplification has been adopted by a num-
ber of workers for related problems, including Gill and Bansal
(1973) and Noda and Gryte (1979). Since the number of fibers
involved is large, the effect of the shell wall on each fiber may be
neglected. In addition, due to the symmetric property of the
equilateral triangular array, only a single fiber needs to be con-
sidered. A typical fiber and its surroundings, which is the basis
of model development in this section, is shown in Figure lc.
Note that the positive z direction is taken to be in the direction of
axial flow in the lumen, while the positive radial direction is out-
ward.

Since each fiber is equidistant from six neighboring fibers, we
would ideally expect a hexagonal free-shear surface to surround
each fiber. Because variations in concentration and pressure are
small around the periphery of this hexagonal boundary, it is
replaced with a circular boundary having the same area between
the shear-free hexagonal boundary and the fiber wall, as shown
in Figure 1b. This allows us to define an equivalent radius r,
based on the outside fiber radius and the void fraction of the
reactor (not occupied by fibers), that is:

1 \12
rgé( ) r, ()
1 —¢

The assumption of a shear-free surface around each fiber also
leads to peripheral symmetry and the absence of angular compo-
nent of velocity.

Only steady state operation of the reactor is considered. In
consistence with the experimental conditions employed in this
study, we also neglect osmotic effects and assume:

1. Constant temperature throughout the reactor
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2. Newtonian fluid with constant physical properties

3. Negligible change in the kinetic properties of immobilized
enzymes
Furthermore, we assume that momentum balance equations and
mass balance equations are not coupled and may be solved sepa-
rately. This simplification is reasonable if the velocity of the
fluid is independent of concentrations and the process is carried
out isothermally.

We begin with a description of the velocity and concentration
profiles within the three regions—shell, sponge, and lumen—of
a backflush HFER.

Velocity distribution

In many respects the backflush HFER has a velocity profile
similar to that of the hollow-fiber reverse-osmosis system inves-
tigated by Gill and Bansal (1973) and Doshi et al. (1977).
Hence, the approach used by Gill and coworkers is adopted in
this section with due consideration to the differences between
the systems. These differences are that, for a HFER:

1. Fluid does not leave through the shell side

2. Lower pressures are involved

3. Velocity profiles are independent of concentration pro-
files

Thus, the momentum balance equations and the associated
boundary conditions for the three regions of a representative
hollow fiber in the backflush HFER are the same as Egs. 1-3, 5,
7, 8, and 10 of Gill and Bansal. Those coupled partia! differen-
tial equations (PDE’s) and their boundary conditions, in the
context of a HFER, imply that the feed solution enters the shell
region of the fiber at z = 0 with a fully developed velocity pro-
file. Both axial and radial components of flow in the shell are
considered, but the flow parallel to the fibers is laminar. The
flow in the sponge region is assumed to be in the radial direction
only. Although it totally retains the enzyme, the extrathin mem-
brane at the inner fiber wall is also assumed to provide negligible
resistance to the passage of substrates or products. Similar to the
shell-side flow, both axial and radial flows in the lumen are con-
sidered and the flow in the axial direction is that of a well-devel-
oped laminar flow.

For the shell region, the PDE’s and the associated boundary
conditions can be reduced to a much simpler ordinary differen-
tial equation (ODE) in terms of a dimensionless area-averaged
axial velocity u,,,, following the same approach as that of Gill
and Bansal but omitting the osmotic pressure and concentration
effects.

The simplified relations are

d*u,,,

—F(—; = U, (2&)

with u,,,(0) = 1 and u,,, (n2/r,) = O for countercurrent flow,
and

du,,
de?

—ty, — b (2b)

with u,,,(0) = 1 and u,,, (n%/r,) = O for cocurrent flow, where
the two dimensionless groups involved are

ar?

-1
st @9

16 Aur\1/2
- ) b2+

2Aupar,
é( i + "

rt—rl r;
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and the dimensionless variable { £ 5z/r,. It should be noted that
these equations are in the form of a two-point boundary value
problem, while the equivalent equations obtained by Gill and
Bansal are in the form of an initial-value problem. This is a
reflection of the fact that there is no flow out of the shell of the
backflush HFER modeled here.

Equation 2 can be solved readily to obtain the following
expressions for the mean axial velocity in the shell:

0 sinh (17 )
0 (2) = 0,,,(0) | exp (n f—) -~ exp (n 7) ——=l Ga)
@ " sinh (n )

IR

Y

for countercurrent flow, and

vzl,,. (Z) = vzl,,, (0)

z
sinh {7 —

z r, 4

b{l —exp|n—| — ———=|1 — exp{n—

r, . Q r,
sinh (71 —)
rD

z

sinh {5 —

z L 7,

+ exp 7;’— — €Xp nr— I (3b)
° “ sinh (n ——)
rO

for cocurrent flow.

This velocity can be related to the radial wall velocity v,,(z)
by carrying out a differential momentum balance over a small
length Az of the shell region to yield

dvzl,,,(z) _ 2rovrw(z)

= 4
dz Gi-r) @
or
@ =000 + o [0 ()
v,,.(2) =v,, + rZ — ",2, A v,,(2') dz

Equation 4 can be used together with Eq. 3 to obtain v,,(z).
Alternatively, one can further employ Eq. 5 to obtain an area-
averaged radial wall velocity between any two positions z, and z,
in the axial direction, namely,

T2 Qez,zz,=0 (6)

Soltanieh and Gill (1981) have reviewed transport models for
reverse-osmosis membranes and concluded that solvent (water)
flux can adequately be described by a simple solution-diffusion
model:

U (2) = —A[P.(2) — Py, (2)] (7
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This relation allows us to relate the wall velocity to the pressure
drop across the sponge region, with the membrane coefficient 4
serving as the solvent permeability coefficient and taking care of
the effect of both the membrane and the enzyme.

Significant simplification of the analysis of velocity profile is
possible if we assume that the shell-side pressure is constant
(Doshi et al., 1977). This is a reasonable assumption if the flow
rate is small and flow area is large, which is the condition likely
to be associated with a backflush HFER. In this case Eq. 7
becomes

Urw(z) = _A[Pl - P3(Z)] (8)

where P, is the uniform pressure throughout the shell region and
P, is independent of r.

The Hagen-Poiseuille equation for flow inside a pipe may be
used in the lumen to get

dp, 8u

it V2 (2) 9
where it is recognized that v, varies with axial position (Dan-
davati et al., 1975). Equation 9, when combined with a differen-
tial momentum balance over a small length of the lumen, gives

P, 16ur, r: N
d—; = = f vrw(z) dz
62
- Ff [P, -~ Py(z)] dz,2=2=0 (10)
where

B2 16ur, A%/ r}.

The hollow fibers are potted in an epoxy seal of about 10 mm
length at both ends of the cartridge, as represented by the black
bands in Figure la. At the inlet end of the reactor there is no
flow through the lumen, so the seal at this end may be neglected.
However, at the exit end, since there is no radial flow through
the fibers over the length of the seal €, the pressure drop is con-
stant in the region between £ and £ + £, and is given by

ar, ¢

o Rl /TR YO P B

Hence we have

Piz)=P,+06(8+8—2),0+=z=1¢ (12)
where P, is the pressure at the lumen exit, that is, at z = € +
Qr Differentiation of Eq. 10 with respect to z yields a second-

order ODE, which can be solved to obtain

AP

cosh 8 + (%) 8 sinh 8

Bz

P, ~ Pi(2) = cosh (7) (13)
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by satisfying the boundary condition

M =0 atz=0
dz
and also Eq. 12 at z = £. Note that AP £ P, — P, is the pressure
difference between the inlet and the outlet of the backflush
HFER.
Hence we also obtain the following expression, which relates
the radial wall velocity to AP:

— AAP cosh (%)

Ury (Z) =

2 (14)
cosh 8 + (ﬁ) B sinh 8

The corresponding mean radial wall velocity between z, and z,
is

- ﬁgAP[sinh (gﬁ) — sinh (&)
8 2 2

w = 2 },922222120 (15)
[coshﬁ + (—Qf)ﬁ sinh ,8} (z,—1z))

Using the above two expressions, various axial and radial
components of the velocity as functions of z and/or r, as well as
V..« and v,,_.,, were also obtained (Jones, 1983). However, it is
the expressions for the radial wall velocity that are of prime
interest to the performance of a backflush HFER.

Concentration distribution

We have found in our laboratory that it is relatively easy to
operate the backflush HFER with the shell region totally free of
enzymes. With no possibility for enzymatic reactions to occur, it
is reasonable to assume that substrate concentration is uniform
throughout the shell region. As it is unlikely to have any concen-
tration polarization of substrate or product in the lumen, the
only source of concentration variation in the reactor is enzy-
matic reaction in the sponge region, where the enzyme is
assumed to be distributed evenly over the entire depth of the
sponge layer. It is further assumed that there is no adsorption of
either substrate or product by the sponge layer, which is con-
firmed in this work for the lactase/lactose system investigated.
To simplify the model, dispersion along the axial direction of the
hollow-fiber cartridge is also neglected in all regions of the reac-
tor.

Equation 14 indicates that radial wall velocity is a weak func-
tion of axial position z. Experimental observations further sug-
gest that the radial wall velocity may be taken as being constant
under the experimental conditions of this work. This allows us to
further assume that the concentrations in the lumen are inde-
pendent of z. Thus, the axial dependence of concentrations is
removed from consideration and we need only solve the coupled
substrate and product balances in the sponge region of the fiber.
These balances take the form of two simultaneous second-order
boundary value type ODE’s. Without these simplifications, the
general material balances for substrate and product would have
led to a set of six coupled second-order PDE’s.

The most suitable model for both substrate and product con-
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centrations in the sponge layer are simply the “axial” dispersion
plug-flow reactor model in which the axis of the “reactor is” the
radial direction of the fiber, that is,

ds 1

D5W+;(DX_Urw o) ~f(S p)— (16)
dp 1

DPWJr;(Dp—vmr) Pifep =0 (7

where, for competitive product-inhibition type enzymatic reac-
tions, such as that associated with the lactase/lactose system,

Fis.p) = — B (18)

K +s+Km
m Kip

The subscripts s and p refer to substrate and product conditions
and D is the dispersion coefficient.

A more complex case in which the axial variation in v,,, can-
not be neglected can be treated by dividing the total length of
the HFER into a series of cells or compartments, as shown in
Figure 2a. In each of the cells the radial velocity does not change
with z and the simplifications already discussed can be applied
to each cell. In this case, however, the lumen cells will each have
different concentrations due to differing performances of the
sponge cells and also the effect of flow from the lumen celis
upstream. This complication must be accounted for in the boun-
dary conditions associated with the concentration distribution
equations and requires that the solution for each cell proceed
from that end of the HFER where the lumen flow is zero. For
cocurrent flow, this means that solution must begin from the
reactor inlet.

To arrive at suitable boundary conditions for the reaction
region, we adopt an approach similar to that of Ramkrishna and
Amundson (1974). The concept involved can best be described

S R
N ‘\c\c\\%% ST
1‘7:\2\;\ 3\& 7(\%\

:
UL

Figure 2a. Separation of HFER into M cells.
b. General model for a backflush HFER.

=
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by Figure 2b, which shows that each cell of the HFER is repre-
sented by a stirred tank connected to an axial dispersion plug-
flow reactor, which is in turn connected in series in the radial
direction of the HFER to a second stirred tank. All the second
tanks again are connected in series in the axial direction of the
HFER to represent the lumen region where the overall flow is
plug flow without axial dispersion. For each cell, the uniform
concentrations in the shell and lumen regions are well repre-
sented by the well-mixed stirred tanks. This schematic represen-
tation of the backflush HFER also permits the boundaries
between the sponge region and the lumen to be open, that is,
allow dispersion to take place there to account for any effect the
fluid from a lumen cell may have on the enzymatic reaction in
the sponge layer.

Consider the mth cell shown in Figure 2b. The volumetric
flow rate of fluid from the shell is g,, with concentrations s, and
p; in the shell. To save space, both concentrations are repre-
sented as ¢,. Similarly, c,, represents either s, or p,,, etc. The
same convention is applied later to Eqs. 19-23. The concentra-
tions in the lumen are sy, and p,,, and, because of continuity,
these concentrations must be equal to the concentrations at the
inner membrane wall. Q,,_, and Q,, are the volumetric flow rates
entering and leaving the mth lumen cell, with corresponding
concentrations being c¢,,,_; and ¢,,, respectively. The cross-sec-
tional area of the sponge layer is X,,, at the shell wall and X,,, at
the lumen wall. Because of the definition of the positive radial
direction, g, is negative.

A mass balance at the inlet to the sponge region yields

de
ro + Dch 5

i =0 (19)

7o

where ¢ refers to either the substrate or product concentration,
and the subscript m is assumed throughout. Hence, recognizing
that g = v,,X,, we have the boundary condition at r = r, as

dc

Urw
9; == (Cs - Clr,,) (20)

To Dc

Similarly, at the exit of the sponge layer:

dc
(@ + Om_t)cy + DXy —

Onm-i6s,_, + gel,, — el M 0 (2D
r\r
where Q,,_, = 0, for only one cell or for the first cell. Thus, for
m=1,
dc
—| = 22
dr r; ( )
Otherwise
dC Qm 1
—cl, 23
dr . DCXQ (C!z,,l_I C[ ) (23)

It should be noted that the boundary conditions, Eqs. 20 and 23,
become the Danckwert boundary conditions if @,,_, = 0.

The equations and boundary conditions describing concentra-
tion distribution in the backflush HFER are put into dimension-
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less form by introducing the dimensionless variables:

(r—r) %o P x a9
2 ;opral; g2l 24
(ro - ri) ’ p S s S ( )
to obtain
ds* ds* s*
— + y(X)Pyy— - Qy—---— =0 (25)
& Ky L K
S5 K;
dzp* dp* *
+ y(x)Pe,— + Q ——————— =0 (26)
dx? dx K NN 5,,_,1)*
s: Ki
d *
& _Pe, (s”w - s*), x=0 27
dx KA
d %
Z - —pe, (”s— - p*), x=0 (28)
d *
TS_ = —Pe, (1 — 5%, x=1 (29)
x
dp* ;
%: —Pezp(——-p*), x=1 (30)
where
A Urwlo vrw(ro rl)
Pelcz(l_ C)§ Pe,, & D. 5
On1(ro—~ 1)
Pe, &8 =——— (31
eJc DCXQ ( )
and
(ro — 1) kE(ra“ri)z
LI ¢ - 32
’Y(X) X(ra—ri) + 71 Dcs.r ( )

with the subscript ¢ representing either s or p.

It is possible to greatly reduce the complexity of the model for
concentration distribution, Eqs. 25-30, if the diffusion coeffi-
cients of the substrate and the product have the same value. In
this case, a simple linear relation exists between the substrate
and the product concentrations:

Ps

s¥ 4+ p*=1+ (33)

s

Hence we only need to solve either Eq. 25 or Eq. 26.

Experimental Method
Activity and stability of lactases

Four samples of lactase (8-D-galactosidase, EC 3.2.1.23),
each derived from a different microbial source, were evaluated

with respect to their activity and stability and their suitability
for immobilization in the sponge layer of the membranes.
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The activity of free lactase was assayed based on the lactase-
catalyzed reaction,

B-lactose + H,O — B-D-galactose + §-D-glucose
and was performed under the following conditions:

Lactose concentration = 50 g/L (0.146 M)
Lactase concentration =~ 0.2 — 0.5 LAU/mL
Temperature = 37°C
Reaction time = 5 min
pH = 4.4 (sodium citrate buffer) for fungal
lactase
pH = 6.5 (milk buffer) for yeast and bacte-
rial lactases

where one LAU (lactose activity unit) is defined as the amount
of lactase that releases 1 umol of glucose per minute under the
conditions listed above. The reaction was stopped by the addi-
tion of 1M NaOH. The amount of glucose produced was
measured by the glucose oxidase/peroxidase method after neu-
tralization of the sample. The protein contents of the lactase
preparations were determined by the Biuret method. It is worth-
while to mention that 150 ppm of benzalconium chloride (50%
active) was added to the buffers to retard microbial growth. All
the lactose solution used was prepared from anhydrous 8-lactose
(P-L Biochemicals).

The stability of free lactases was evaluated by mixing each
enzyme sample with appropriate buffer to give a 10 mL solution
containing about 20 mg of protein in sealed container. The lac-
tase solutions were then placed in an incubating oven and main-
tained at 37°C for three days before assay for remaining activi-
ty.

A stirred ultrafiltration cell (Amicon, model 202) was used,
in conjunction with a number of flat XM50 and PM10 mem-
branes (Amicon, MW cutoff 50,000 and 10,000, respectively),
to study the stability of lactases immobilized in the sponge layer
of the membranes. The flat membranes were made of the same
material and had the same structure as the corresponding hol-
low fibers, but could be removed easily for examination.

For reasons to be discussed later, the fungal lactase was even-
tually chosen in this work as the enzyme for immobilization in
the HFER’s. Hence the effect of pH and temperature on the
activity of this lactase was studied. Furthermore, the kinetic
parameters of the fungal lactase were also determined by ana-
lyzing the initial rate data, as well as by the progress curve data
method. The progress curve tests were conducted at 35.5°C and
pH 4.4 for initial lactose concentrations ranging between 47 and
162 g/L. The glucose content of the samples was determined
using a glucose analyzer (Yellow Spring, model 27) after
approximate neutralization of the samples with 1M HCI. Cor-
rections were made for dilutions and the presence of galactose,
which is also registered by the analyzer. Experimental proce-
dures for the initial rate studies were similar to those of the
progress curve tests except that temperatures of 35, 45, and
55°C were used.

Enzyme loading

A hollow-fiber cartridge (Amicon H1P5) containing PM35
hollow fibers was eventually chosen for use in this work to inves-
tigate the optimal means of loading the fungal lactase to the
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Figure 3a. Experimental setup for enzyme loading.
b. Backflush HFER system.

spongy region of the hollow fibers. The experimental setup is
illustrated in Figure 3a. During the preliminary trials, it was
noted that the use of high hydrostatic pressures (e.g., greater
than 70 kPa) more often resulted in enzyme gelling and fiber
breakage, due to the subsequent rapid rise in pressure needed to
maintain the same flow rate. This also caused washing back of
the enzyme into the cartridge shell, once the high-pressure dif-
ferential was removed. Furthermore, although loading time was
reduced, high pressure did not result in higher enzyme loading.
On the contrary, mild loading pressure resulted in 2 more com-
plete immobilization of the lactase in the fiber sponge.

With these observations in mind, the following loading proce-
dure, which was found to be reproducible and to cause no detect-
able presence of lactase in the cartridge shell surrounding the
fiber bundle, was developed and used throughout this work:

1. Drain clean cartridge and fill sponge side with cold ultra-
filtered sodium citrate buffer. Allow to stand for a half-hour and
ensure no air bubbles in shell.

2. Pump cold ultrafiltered sodium citrate buffer through
fiber lumen at a flow rate of 15 mL/min for 5 min, ensuring that
there is a small flow from shell exit.

3. Dissolve the required amount of enzyme in 50 mlL cold
ultrafiltered citrate buffer and pump it to the shell side of the
cartridge at a flow rate of about 10 mL/min. Recirculate
enzyme solution from shell exit port to feed tank and leave
lumen exit port open for 10 min.

4. Reduce flow rate and partially close shell-side exit to allow
a flow rate of about 2 mL/min out of both the shell and lumen
exits. Do not allow the pressure at the inlet of the cartridge to
exceed 25 kPa. Collect filtrate.

5. After 1 h gradually close shell exit port, reducing flow rate
to ensure that the shell inlet pressure is between 15 and 20 kPa.

6. Continue for 3 h, gently opening shell-side exit for 5 min
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every half-hour and refilling feed tank with filtrate as neces-
sary.

7. Slowly drain shell and keep fluid for determination of
enzyme content. Immediately refill shell with fresh, cold, ultra-
filtered and buffered lactose solution, ensuring that no air bub-
bles are entrapped. Place reactor in position in water bath and
introduce buffered lactose feed.

Extremely high enzyme loading density can be achieved
simply by increasing the concentration of enzyme in the shell
solution during loading or by repetitive backflushing. Once
loaded and used, the cartridge may be cleaned for reloading.
This was done by flushing the cartridge in ultrafiltration mode
first with distilled water at a pressure differential of about 100
kPa, then with 500 mL 0.01M HC], and finally with 1 L sodium
citrate buffer. The acid ensures that any protein left in the car-
tridge is deactivated, and since the buffer contains benzalco-
nium chloride as a bactericide, the cartridge may be stored
under refrigeration for long periods without the possibility of
bacterial contamination.

Reactor operation

A schematic illustration of the setup of the hollow-fiber enzy-
matic reactor system is shown in Figure 3b. The hollow-fiber
cartridge (Amicon H1P5) used as the reactor was operated with
the shell exit port closed. Preliminary runs had indicated that
recirculation of the shell-side fluid resulted in lactase appearing
in the shell, with significant reaction in that region, while sam-
ples taken from the shell during runs with the shell exit closed
revealed no lactase.

During an experiment, the reactor, ultrafilter, prefilter, and
the feed tank were all maintained at the required constant tem-
peratures (35, 45, and 55°C) by being placed in a water bath.
Under the experimental conditions there was no detectable pres-
sure drop axially along the length of the shell.

The flow rate entering and leaving the reactor was measured
by weighing the amount of product collected in a given time.
The flow rates used in this study ranged from 0.4 to 15 mL /min,
which corresponded to superficial velocities through the mem-
brane wall of between 0.06 and 2.4 um/s.

Since the immobilized lactase exhibited a high degree of sta-
bility, it was possible for a number of runs with the same enzyme
loading and feed concentration to be performed without the
need to clean the reactor and reload the enzyme. However, never
were more than five runs performed with only one loading, and
the total period over which these were conducted did not exceed
six hours.

Results and Discussion
Evaluation and selection of lactases for immobilization

Shown in Table 1 are the activity and stability data obtained
in this work for free lactases from fungal, yeast, and bacterial
sources. The specific activity of the enzyme is a much more
important indicator of its suitability for use in an immobilized
enzyme reactor than the activity of the enzyme preparation per
unit volume or weight of the sample. In addition to having the
highest specific activity, the fungal lactase tested here also
retained 100% of its original activity after three days of storage
at 37°C. The bacterial lactase tested retained less than 10% of
its original activity, while the yeast lactases also showed sub-
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Table 1. Activity and Stability of Lactases Tested

Specific Frac.
Activity Orig.

Protein LAU/mg  Activity
Source Activity Content Protein  Remaining
A niger' 6,500LAU/g  0.07mg/mg  92.8 1.00
K. lactis® 1,950 LAU/mL 226 mg/mL 862 0.72
K. fragil-
is? 1,670 LAU/mL 19.6 mg/mL  85.2 0.78
E.coli* 46000LAU/g 091 mg/mg  50.5 <0.1

1. Lactase N, donated by GB Fermentation Industries

2. Maxilact L 2000, donated by GB Fermentation Industries
3. Lactozym 1500 L, donated by Novo Industries

4. Lactase B, from Sigma Co.

stantial deactivation. The bacterial lactase tested here was de-
leted from the list of lactase candidates for further work due to
its poor stability.

In the process of evaluating immobilized lactases, it was
found that significant enzyme leakage occurred through the
XM50 membrane (MW cutoff 50,000). On the other hand, no
fungal lactase leaked through the PM10 membrane and only a
small amount of yeast enzyme leakage was detected toward the
end of the experiments. Enzyme leakage was detected by noting
a change in permeate glucose concentration with time upon stor-
age.

The amount of protein recovered from the PM10 membrane
at the end of each ultrafiltration cell experiment indicated that
the lactases were retained by the membrane, perhaps by adsorp-
tion. The presence of lactase in the membrane was confirmed by
the significant lactase activity that the membrane retained.
Similar observations of adsorption by membranes have been
reported before. Korus and Olson (1977) observed a strong
adsorption of blue dextran by PM10 hollow fibers. Kohlwey and
Cheryan (1981) reported that PM10 fibers adsorbed orthonitro-
biphenyl to the extent of at least 80 mg/m* membrane. Water-
land et al. (1975) found that a bacterial lactase was adsorbed by
XMS50 fibers but could be removed in inactive form by elution
with 0.1M HCL.

The adsorption by the membrane appeared to be detrimental
to the performance of the immobilized yeast lactases. This was
reflected by the fact that the permeate glucose concentration for
the fungal lactase remained steady between 39 and 42% conver-
sion after the first two hours but the conversion for yeast lactases
never exceeded 5%. It is possible that the adsorption is related to
a group or subunit of the enzyme molecule that is near or asso-
ciated with the active site of yeast lactases but distinct from the
active site of fungal lactase. A number of workers (Kohlwey and
Cheryan, 1981; Korus and Olson, 1977) suggested pretreating
hollow fibers with bovine serum albumin to prevent deactivation
of various enzymes upon contact with the membrane. In this
work it was found that pretreatment of the ultrafiltration cell
membrane with 10 mg milk protein, either g-lactoglobulin or a-
lactoalbumin, greatly improved the activity of the yeast lactases,
although it did not enhance their stability.

the protein pretreatment of the membrane that would be
required if yeast lactases were used would reduce the amount of
enzyme that could be loaded in the reactor. Thus, of the four
sample lactases tested, the one form A. niger was chosen for use
in the rest of this work.

Having determined that the A. niger lactase was the most
suitable, based on work conducted on separate flat membranes,
it was necessary to confirm this selection for hollow-fiber car-
tridges. Indeed it was found that the Amicon cartridge with
PM10 fibers did not retain 100% of the fungal lactase loaded on
them in backflush flow mode. For this reason, it was decided to
use an Amicon cartridge (HI1PS) with PMS fibers (MW cutoff
5,000), which did totally retain the enzyme, as the backflush
HFER of this work.

Tests were also conducted which indicated that galactose,
glucose, and lactose were not adsorbed by either the active mem-
brane or the spongy layer of the hollow fibers.

Kinetic properties of Aspergillus niger lactase used

The results of the pH and temperature studies on the A. niger
lactase reveal that the lactase has a broad range of pH tolerance
with an optimum (at 37°C) of about 4.4, and the temperature at
which maximum activity (at pH 4.4) is displayed is 60°C. An
Arrhenius plot of the temperature effect data gives an activation
energy of 28.6 kJ/mol for the fungal lactase, which is a typical
value for most enzymatic reactions.

The initial rate data were analyzed using a nonlinear regres-
sion routine and assuming a rate expression with competitive
inhibition by (-galactose, Eq. 18. The values of the kinetic
parameters associated with the rate expression, k, K;, and K,,,
were determined and are tabulated in Table 2.

The progress curve data were analyzed using a linear plot
obtained by rearrangement of the rate expression in integrated
form. Kinetic parameters estimated by this method are also pre-
sented in Table 2 and were found to be quite close to those
obtained by the initial rate method for a comparable tempera-
ture. The results confirm that the competitive production inhibi-
tion rate expression assumed is valid and that the high values
(30 to 80) of the K,/ K| ratio indicate very strong product inhibi-
tion. Furthermore, the degree of inhibition is lower at higher
temperatures, where the lactase activity is higher.

Reactor performance

A total of more than 180 runs were conducted on the hollow-
fiber reactor under the following operational conditions:

1. S, = 146 mM (50 g/L), E, =~ 2,216, 1,173, 501, 153, 22
mg

2.8,=292mM (10g/L), E, = 2,196, 1,216, 483, 19 mg

3. 5, =292mM (1 g/L), E, = 2,218, 1,199, 507, 156, 20
mg

Table 2. Kinetic Parameters of 4. niger Lactase (pH 4.4)

From the point of view of immobilizing the lactases in the K, K k
spongy region of hollow fibers, the yeast lactases do not appear Method  Temp.°C  mM mM mol/g lactase
particularly suitable. The relatively poor stability makes their Progress curve 35.5 91 +30 1.1 +04 6.5+ 0.7
use commercially impractical. Lowering the reaction tempera- Initial rate 35 95+25 1.2:03 6.8 + 0.4
ture will increase the stability of the enzyme but at the expense Initial rate 45 6215 1503 93=+05
of decreasing the indicated activity of the enzyme. In addition, Initial rate 33 Sl=15 2904 149 £ 0.7
300 February 1988 Vol. 34, No. 2 AIChE Journal



4. S, =585mM (2 g/L), E, = 2,208, 1,216, 498, 156, 20
mg

5. 8,=146 mM (0.5 g/L), E, = 2,203, 1,197, 502, 174, 21
mg
For each set of conditions, five different flow rates (0.4, 0.8, 2.0,
8.0, and 15.0 mL/min) were used, and except for the last two
sets, three reaction temperatures (35, 45, and S5°C) were
involved.

Enzyme loadings slightly higher than 2,200 mg were repeat-
edly obtained. At this high loading, conversions over 90% were
common, even at 35°C and with feed substrate concentration S,
as high as 10 g/L, so long as the flow rate was reasonably low.
High conversions at high flow rates were also possible, if dilute
lactose feed was used. For instance, conversions in excess of 90%
were attained with a feed of 1 g/L lactose at a flow rate of 40
mL/m? of active membrane surface, and conversions in excess
of 85% (or 75%) were obtained with the same feed at flow rates
five (or 50) times greater. This compared very favorably with
the 20% conversion at flow rates of less than 20 mL/m? of active
membrane surface that are typical for other type of HFER’s
using much more dilute feed streams.

Conversion data collected for all the runs were tabulated and
plotted (Jones, 1983). Some representative results are presented
in Figure 4, where Xis fractional conversion of lactose and kE7/
S, is a dimensionless residence time (DRT) whose value is
inversely proportional to flow rate. The predicted responses of
the hollow-fiber enzymic reactor behaving as an ideal plug-flow
tubular reactor (PFTR) and an ideal continuous stirred-tank
reactor (CSTR) are also shown as solid or dashed curves for
comparison.

Even for the relatively simple situation of one cartridge in sin-
gle-pass operation at constant pH and uniform temperature, the
data clearly indicate the complexity of the relation between
reactor performance, expressed as conversion, and enzyme load-
ing, feed substrate concentration, flow rate, and reaction tem-
perature. The need for a mathematical model to describe the
reactor is obvious. In general, however, the conversion increases
as enzyme loading and/or temperature increase and as flow rate
is reduced. The effect of flow rate is more noticeable at lower
feed substrate concentration.

It is worthwhile to note that all the data fall in the region of
reactor performance between the two ideal extremes of a CSTR
and a PFTR, although the reactor behaves more like a CSTR
than a PFTR under most of the operating conditions studied
here. At the highest feed lactose concentration (50 g/L, Figure
4a), the deviation from CSTR behavior is nearly negligible. In
general, this deviation is more noticeable at higher flow rate and
lower S, Figure 4b—4d.

The reactor behavior mentioned above may be explained by
realizing that under the experimental conditions of this work the
lactose solution creeps slowly and evenly through the sponge
layer and the thin membrane of the fibers. Thus we are dealing
with very low velocities, very small distances, and steep concen-
tration gradients. As the flow rate becomes smaller and smaller,
dispersion (mainly molecular diffusion) in the radial direction of
the hollow fibers starts to play a dominant role and the reactor
behavior approaches that of a CSTR. Similarly, at high S, the
concentration gradients across the sponge layer are higher than
that at lower S,. This magnifies the relative importance of
molecular diffusion, making the reactor appear to behave more
like a CSTR.
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Applications of the model

We shall first discuss the application of the model to the
H1P5 hollow-fiber cartridges used in this work.

In the process of deriving Eq. 2, it was relatively easy to
obtain the following relation for axial pressure gradient in the
shell region of the reactor:

dp, uo
— = 7 P2

o (34)
From Eq. 34, the maximum possible pressure gradient in the
shell was estimated to be about 0.23 kPa . m~'. This is a very
small pressure gradient; hence, it is reasonable to assume that in
most cases, unless the reactor is very long, the shell-side pressure
is constant. The assumption of constant shell-side pressure was
also supported by the observation that during all experiments
the axial pressure drop in the shell of the Amicon H1PS car-
tridge was never more than 1 cm of H,O for flow rates up to 15
mL min~' and enzyme loadings as high as 2.2 g.

The question of whether constant radial wall velocity is jus-
tifiable for the H1P5 cartridge can also be checked here. Let us
arbitrarily specify that the radial wall velocity may be consid-
ered constant if there is less than a 5% difference in their two
extreme values v,,(2) and v,,(0). By applying Eq. 14 and
neglecting the effect of the epoxy seal, we obtain v,,(R)/
v,,(0) = cosh 8 =< 1.05, which is true if 82 < 0.1, that is, if

16ur, AL

4
i

=0.1 (35)

r

then Equation 35 can be used to define a maximum possible cell
length within which the assumption of constant radial wall
velocity is valid. However, this analysis is valid only if the condi-
tions for constant shell pressure are also satisfied.

Using values experimentally determined in this work for the
hollow fiber (Jones, 1983) it can be seen that the assumption of a
constant v,,, is quite valid for the H1P5 cartridge, which is only
about 0.15 m long. In this case the deviation in the radial wall
velocity is less than 1% along the whole length of the reactor.
Indeed, in this case the assumption of a constant v,,, is valid for a
reactor up to 0.5 m long. Hence, all the previous discussion indi-
cates that a single cell (i.e., m = 1) is adequate to describe the
performance of the backflush HFER used in this work.

A computer program was developed (Jones, 1983) to solve the
multiple-cell model, Eqs. 25-30, using the orthogonal colloca-
tion method (Villadsen and Michelsen 1978). However, only the
results that are relevant to the H1PS cartridge used are pre-
sented here. For the general case where D, # D,, at least eight
interior collocation points are needed to ensure that the solution
obtained does not vary at a level detectable with six significant
figures from the solution that would be obtained using one more
collocation point. No numerical stability problems were experi-
enced in the use of the computer program, even when applied to
multicell cases. Parameter sensitivity analysis of the computer
model was also carried out and it was found that the model is
relatively sensitive to the value of r, and relatively insensitive to
the value of r,. Qverall, the sensitivity analysis shows that small
inaccuracies in parameter estimation can be tolerated by the
model without significantly affecting the model prediction.

For the lactose/lactase system investigated a comparison be-
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Figure 4. Fraction of lactose remaining vs. dimensionless residence time.
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tween the experimental results and the model predictions for
flow rates of 2 and 15 mL/min and for various initial lactose
concentrations ranging from 1.46 to 146 mM was made. Repre-
sentative values of model parameters used are listed below:

r,=475%x10""m D, =50x10""m?. 57!
r;=250x10"*m D,=70x107""m?. !
re=1625x10"*m s, = 29.2 mole - m~?

Vpo = —2.35um - 57! ps = 0.0 mole - m™?

K, = 95.0 mole - m~3 Pey, = 0.0
K,= 1.2mole - m™? Pey, = 0.0
k=0113mole - s™' 5 . =1.0
(kg enzyme)™' pg ;. = 0.0
E=270kg - m}

Briefly, the radial wall velocity was determined from the feed
flow rate to the reactor and the shell-side surface area of the hol-
low fibers. Kinetic parameters used were those determined for
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free lactase, and the fiber geometry parameters were obtained
from an electron microscope study of the hollow fibers con-
ducted by Jones (1983). Molecular diffusion coefficients of the
substrate and product were used for the dispersion coefficients
D, and D, (Lee, 1981). As demonstrated by Figure 5, the agree-
ment is in general excellent, and overall we have found that the
behavior of a backflush HFER can be predicted accurately
using the computer model developed.

Of significant importance is the fact that the values of the
enzymatic kinetic parameters used in the model were those
obtained experimentally for the (free) enzyme in a dilute aque-
ous environment. The excellent agreement between the experi-
mental data and the model predictions suggests that the enzyme
kinetics is not significantly altered during immobilization and
operation. This, together with the fact that the performance of
the reactor under practical conditions (high conversion, high
substrate concentration, and complex reaction kinetics) can suc-
cessfully be described mathematically, suggests that a priori
design of a process-scale backflush HFER for a given purpose is
possible, at least for the lactose/lactase system studied in this
work.

At present the thickness of the sponge layer of a hollow fiber
is controlled by the support role it plays for the thin membrane.
Hence, there is little freedom in the choice of fiber thickness,
although this situation is improving. On the other hand, fibers of
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greatly varying internal and external diameters are available.
The model developed here can be used to determine fiber diame-
ters, enzyme loadings, flow rates, and other factors that will
yield the required performance for a backflush HFER.

Although the models and the computer program developed in
this work have been written specifically for competitive product-
inhibition type enzymatic reactions, they can easily be modified
for application to other types of enzymatic reactions. Further-
more, the models in general should also be applicable to any
membrane reactors operated in backflush mode, independent of
the type of membranes involved, and most important, to any
similar systems in which whole cells or organelles, instead of
enzymes, are immobilized.

Notation

A = membrane coefficient
b = constant, Eq. 2¢
¢ = concentration, either s or p
D = dispersion/diffusion coefficient
E = total enzyme concentration, enzyme loading
k = enzyme rate constant
K; = product inhibition constant
K,, = Michaelis constant
£ = hollow fiber length
¢, = fiber epoxy seal length
p = product concentration
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P = pressure
Pe = Peclet number
P,, = pressure at lumen exit
Ap = PI - Pex
g = volumetric flow rate in sponge region
Q = volumetric flow rate in lumen
r = radial distance

r, = equivalent fiber radius, Eq. 1
r; = inner fiber radius

r, = outer fiber radius
s = substrate concentration

S, = initial substrate concentration
u = dimensionless axial velocity
V, = radial velocity

V., = radjal wall velocity

V,. = area-averaged radial wall velocity

axial velocity

= dimensionless radial distance, by Eq. 24
X = fiber wall surface area, lactose conversion
z = axial distance

z' = dummy variable

% &
i

Greek letters

B8 = constant, Eq. 29a
v(x) = quantity, Eq. 32

6 = dpP;/dz, Eq. 11

€ = reactor void fraction

¢ = dimensionless axial distance

n = constant, Eq. 2¢

w = viscosity

» = kinematic viscosity

7 = residence time

o = fluid density

= constant, Eq. 32

i

Superscript and subscripts

* = dimensionless, Eq. 24
c=s0rp
j=1,2,0r3
£ = lumen region
m = area averaged or number of cell from reactor inlet
m—1=(m— Dthecell
s = substrate or shell region
p = product
w = fiber wall
shell region
= sponge region
3 = lumen region

N —
|

Other symbols

£ — defined as
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