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ABSTRACT: In this study, the kinetic behavior of a-chymotrypsin-immobilized, uniform

poly(isopropylacrylamide) gel beads was investigated. The kinetic study was performed
by using a continuous reactor operated at steady-state conditions. In the experiments,
substrate feed concentration, residence time, and reactor temperature were changed.
The results were explained by a diffusion-reaction model developed for steady-state
conditions. The effectiveness factor and Thiele modulus values of the thermosensitive
enzyme—gel system were estimated at different temperatures by using an iterative
procedure based on fourth order Runge—Kutta algorithm. The results indicated that the
overall hydrolysis rate was controlled by the substrate diffusion through the gel matrix.
A bending point was detected for the Thiele modulus at the lower critical solution
temperature (LCST) of the thermosensitive gel. The effective diffusion coefficient of
substrate and effectiveness factor decreased suddenly at LCST. The mass transfer
process within the thermosensitive carrier could be described in detail by the proposed
model. The results of our numerical procedure were also compared with an analytical
approximate solution available in the literature. The consistency between two different
model was reasonably good. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 1025-1034,
1999
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INTRODUCTION

Thermosensitive gels have been proposed as
alternative enzyme carriers by different investi-
gators.!™” Crosslinked N-isopropylacrylamide—
acrylamide copolymer gel microspheres were
tried as a carrier in the immobilization of B-b-
galactosidase.? The enzyme—gel system was ex-
amined in a continuous packed-bed reactor cycled
between 30-35°C. It was shown that thermal cy-
cling caused a significant increase in the immobi-
lized enzyme activity relative to the isothermal
operation. A crosslinked thermosensitive gel,
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poly(vinyl methyl ether) produced with y-ray ir-
radiation, was used in the immobilization of exo-
1,4-a-p-glucosidase.®? The on/off control of the hy-
drolysis of maltose could be achieved by this sys-
tem. A biochemomechanical system was produced
by the immobilization of urease within a thermo-
sensitive N-isopropylacrylamide-acrylic acid co-
polymer gel.* In this system, the ammonia pro-
duced enzymatically interacted with the carboxyl
groups of the gel, which in turn, induced the
swelling process. Although the temperature was
kept above the lower critical solution temperature
of the gel, the urease—gel system was in the swol-
len state when it was exposed to urea. However,
the gel could be collapsed reversibly in the ab-
sence of urea. Crosslinked poly(/N-isopropylacryl-
amide) gel was also tried as a carrier in the im-
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mobilization of esterase.’ Recently, lipase was co-
valently bound to a graft copolymer prepared by
coupling of poly(acrylic acid-co-acrylamide) with
poly(isopropylacrylamide), having an amino
group at its end.® The catalytic activity of lipase
immobilized to the graft copolymer had a bending
point around 25-30°C in isopropanol-water me-
dium.® Park and Hoffman proposed a preparation
procedure for producing uniform, thermosensitive
gel beads for use in biotechnological applica-
tions.”

In our previous studies, we produced different
thermosensitive structures based on the copoly-
mers of N-isopropylacrylamide.® 1! The uniform
microspheres made of crosslinked N-isopropylac-
rylamide were proposed as a carrier for the im-
mobilization of a-chymotrypsin.® The batch reac-
tor performance of a-chymotrypsin loaded uni-
form poly(N-isopropylacrylamide) microspheres
was investigated elsewhere.® In this study, the
same microspheres were used in a continuous
stirred reactor operated at steady-state condi-
tions. To describe the diffusion and reaction pro-
cess within the gel microspheres, a steady-state
diffusion-reaction model was applied on the con-
tinuous reactor data collected at different temper-
atures. The effective diffusion coefficient of syn-
thetic substrate, the Thiele modulus, and effec-
tiveness factors of the enzyme—gel system were
estimated at different reaction temperatures.

EXPERIMENTAL

Materials

N-Isopropylacrylamide (NIPAM, Aldrich Chem.
Co., Milwaukee, WI) was recrystallized from hex-
ane—acetone solution. N,N-Methylenebisacrylam-
ide (MBA, BDH Chemicals Ltd., UK) was the
crosslinker. Potassium persulfate (KPS, BDH
Chemicals Ltd.) and tetramethylethylenediamine
(TEMED, Sigma Chem. Co., St. Louis, MO) were
the initiator and the accelerator, respectively. So-
dium alginate (medium viscosity, Sigma Chem.
Co.) and calcium chloride (BDH Chemicals Ltd.)
were used for the formation of alginate mold
around the spherical gel beads. a-Chymotrypsin
(CT, 52 pmol BTEE/mg protein-min) was sup-
plied from Sigma Chemical Co. The activity of
a-chymotrypsin was assayed by using a synthetic
substrate, Benzoyl-L-Tyrosine Ethyl Ester (BTEE,
Sigma Chemical Co.).

Preparation of Enzyme-Gel Beads

The detailed preparation procedure of the en-
zyme—gel beads was given elsewhere.? The beads
encoded as CT-NIPAM1 and CT-NIPAM2 were
prepared by dissolving 0.36 and 1.80 mg enzyme
within the disperse phase including 3.6 mL water
in both cases, respectively.® All of the produced
amounts of CT-NIPAM1 and CT-NIPAM2 were
used in the continuous stirred reactor runs. The
respective enzyme loading values for CT-NIPAM1
and CT-NIPAM2 were determined as 73.12 and
78.89% of the initial enzymatic activity present in
the gel formation medium.’

Characterization of Enzyme-Gel Beads

The surface morphology and the internal struc-
ture of the enzyme—gel beads were observed by a
Scanning Electron Microscope (JEOL, JEM
1200EX, Japan).? For this purpose, the enzyme—
gel beads were swollen to equilibrium in phos-
phate buffer solution at 15°C and subsequently
freeze dried at —20°C. The freeze-dried beads
were cut to obtain the cross-sectional view of the
internal structure. The samples coated with a
thin layer of gold (about 100 A) in vacuo were
examined by a scanning electron microscope.

The equilibrium diameter of gel beads was
measured at any particular temperature in an
optical system constructed for this purpose.® The
enzyme—gel beads coded as CT-NIPAM1 (pre-
pared with 480 mg of NIPAM and 0.36 mg of CT,
3 mm in diameter in the production conditions)
were used in these measurements performed in
borate buffer at a pH of 7.8. The equilibrium
swelling ratio (®) was expressed in the dimen-
sionless form according to eq. (1):

0 = (d/d,)? (1)

where, d (mm) is the equilibrium diameter of gel
beads at any temperature, and d, (mm) is the
diameter of gel beads at the production condi-
tions. In these experiments, five beads were fol-
lowed, and the mean of measured linear swelling
ratios was calculated. The standard deviation of
linear swelling ratio measurements with different
particles was not higher than 5%.

Enzymatic Activity Experiments

The enzyme—gel particles were tried in a contin-
uous stirred reactor equipped with a temperature
control system. In most of the runs, the hydrolysis
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medium at a pH of 7.8 included 95% borate buffer
and 5% ethanol (by volume). To start the contin-
uous run, the enzyme—gel beads in a Teflon bas-
ket were placed into the reactor containing 130
mL of hydrolysis medium with an initial BTEE
concentration of 398.9 uM. Then the substrate
solution including 398.9 uM BTEE was fed into
the reactor. The inlet and outlet volumetric flow
rates were set to 0.75 mL/min. The reactor was
heated or cooled to the desired temperature while
the hydrolysis medium was stirred magnetically
at 300 rpm. The stirring of the hydrolysis medium
was continued at least 2 h for reaching of the
enzyme-—gel beads to their equilibrium water con-
tent at the studied temperature. The absorbance
of the outlet flow was continuously monitored at
258 nm by a UV-VIS spectrophotometer. After a
certain time, the absorbance of outlet stream
reached to a plateau value (i.e., steady-state ab-
sorbance). The runs were continued for at least
4 h after the steady-state conditions were at-
tained within the reactor. After the run, the en-
zyme—gel beads were washed with 250 mL of
fresh borate buffer (pH 7.8) by shaking the me-
dium at 25°C for 1 h to remove any residual
substrate or product within the gel matrix. The
gel beads were stored in the refrigerator at +4°C
within 250 mL of fresh borate buffer during the
period between the continuous runs.

Determination of Immobilized Enzyme Activity

The observed hydrolysis rate with the enzyme—
gel beads was calculated according to the eq. (2)

Qobs = UCOX (2)

where @, is the observed hydrolysis rate (pwmol
BTEE/min), v is the volumetric flow rate of the
feed (L/min), C, is the BTEE feed concentration
(uM BTEE), and X is the BTEE conversion
achieved at steady state operation of the contin-
uous reactor.

BTEE conversion was determined by using a
spectrophotometric procedure that is very similar
to that proposed by Clark and Bailey.'? To deter-
mine the BTEE conversion, the absorbance val-
ues of the feed and product streams were mea-
sured in a UV spectrophotometer at the wave-
length of 258 nm during the steady-state
operation operation of the reactor. The following
expression was used for the calculation of BTEE
conversion

X = (A~ Ain)/AA(le) (3)

where, A;,, and A, are the absorbance of the feed
stream and the absorbance of the product stream
in the steady-state operation of continuous reac-
tor, respectively. AA _,, is the absorbance differ-
ence corresponding to the complete conversion of
substrate. For each substrate concentration, the
difference values were determined in a batch re-
actor (130 mL) by using 0.36 mg free enzyme
under identical conditions with the continuous
reactor.

RESULTS AND DISCUSSION

The hydrolysis of a synthetic substrate (i.e., ben-
zoyl-L-tyrosine ethyl ester, BTEE) was studied in
a continuous stirred reactor including uniform
and thermosensitive enzyme—gel beads. In the
hydrolysis runs conducted at steady-state condi-
tions, BTEE feed concentration, residence time,
and reactor temperature were changed. The ef-
fects of these variables are presented below.
BTEE feed concentration was changed be-
tween 159.5-877.5 uM. These experiments were
performed by using the enzyme—gel beads pre-
pared with two different enzyme loading (i.e., CT-
NIPAM1 and CT-NIPAM2). The inlet and outlet
volumetric flow rates were set to 0.75 mL/min.
The hydrolysis medium in the continuous reactor
included 95% borate buffer and 5% ethanol. The
temperature, pH, and the stirring rate was 25°C,
7.8, and 300 rpm, respectively. The variation of
observed BTEE hydrolysis rate with the BTEE
feed concentration is given in Figure 1 for en-
zyme—gel beads prepared with two different en-
zyme loading. Here, the enzyme loading was ex-
pressed by dividing the amount of enzyme immo-
bilized by the total volume of the gel beads at the
production conditions (i.e., 4.2 mL for both prep-
arations). As seen here, the observed rate in-
creased linearly with the increasing BTEE feed
concentration in the examined range. However, at
constant BTEE concentration, the observed hy-
drolysis rate with the enzyme—gel beads prepared
using the enzyme loading of 338.1 ug/mL (i.e.,
CT-NIPAM2), was slightly higher relative to that
prepared with the enzyme loading of 62.6 ug/mL.
Although the enzyme loading was increased
about 5.5-fold, the observed rate exhibited a
slight increase. This result indicated the presence
of strong internal mass transfer resistance
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Figure 1 The variation of observed BTEE hydrolysis
rate with the substrate feed concentration in the pres-
ence of enzyme—gel beads prepared by changing the
enzyme loading.

against the BTEE diffusion through the gel
beads.

In the next set, the residence time was changed
between 86.7—260 min in the continuous reactor
having a constant volume 130 mL. Then, the res-
idence time change could be achieved by changing
the feed (also product) flow rate between 1.5 and
0.5 mL/min. The hydrolysis medium in the con-
tinuous reactor included 95% borate buffer and
5% ethanol. The temperature, pH, and the stir-
ring rate was 25°C, 7.8, and 300 rpm, respec-
tively. BTEE feed concentration was set to 398.9
M in all runs performed the enzyme—gel beads
prepared with two different enzyme loading (i.e.,
CT-NIPAM1 and CT-NIPAM2). The variation of
observed BTEE hydrolysis rate with the resi-
dence time is given in Figure 2. Although a dras-
tic change was not detected in the observed hy-
drolysis rate with the residence time, the varia-
tion exhibited a maximum point in the presence of
both carriers. At the lowest and highest residence
times, the observed hydrolysis rates were slightly
lower. This tendency may be explained by the
expression used for the calculation of observed
hydrolysis rate. As stated above, eq. (2) was used
for this calculation. For a constant BTEE concen-
tration, magnitude of observed hydrolysis rate is
controlled by the product of two variables (i.e.,
feed flow rate and BTEE conversion). In the con-
tinuous reactor runs the increase in the residence
time was obtained by decreasing the feed flow
rate at a constant reactor volume. A decrease in
the volumetric flow rate involves a decrease in the
observed hydrolysis rate, as seen in eq. (2). On the
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Figure 2 The variation of observed BTEE hydrolysis
rate with the residence time in the presence of enzyme—
gel beads prepared by changing the enzyme loading.

other hand, the variation of BTEE conversion
with the residence time is given in Figure 3. As
seen here, BTEE conversion increased by the in-
creasing residence time (i.e., decreasing flow rate)
for both cases. Therefore, the maximum value of
the observed hydrolysis rate was obtained when
the product of BTEE conversion and volumetric
flow rate took a maximum value, according to eq.
(2).

The reactor temperature was changed between
15-40°C by fixing the feed flow rate and BTEE
feed concentration to 0.75 mL/min and 398.9 uM,
respectively. The operating conditions and the
initial composition of hydrolysis medium were the
same with those of runs in which the effect of
residence time was examined. The variation of
observed hydrolysis rate with the temperature in
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Figure 3 The variation of BTEE conversion with the
residence time in the presence of enzyme—gel beads
prepared by changing the enzyme loading.
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Figure 4 The variation of observed BTEE hydrolysis
rate with the temperature in the presence of enzyme—
gel beads prepared by changing the enzyme loading.

the presence of enzyme—gel beads prepared with
two different enzyme loading is given in Figure 4.
As seen here, the observed rate exhibited a max-
imum at 30°C in the continuous reactor for both
types of carriers. The shapes of the curves in this
figure were closely related to the thermosensitive
properties of the carrier. The variation of the
equilibrium swelling ratio of the gel beads with
the temperature is given in Figure 5. As seen
here, the gel volume continuously decreased with
the increasing temperature and the lower critical
solution temperature (LCST) of the enzyme—gel
beads (i.e., a sharp decrease in the gel volume)
was between 32-34°C.° It should be noted that
the pores within the gel matrix become smaller,
depending upon the decrease in the gel volume.
Actually, the decrease in the pore size is not ef-
fective on the substrate diffusion rate up to a
critical value of average pore size. In the swollen
state of the gel matrix (i.e., at low temperatures),
the size of pores are sufficiently large for the
diffusion of substrate molecules. For this reason,
although a decrease was observed in the gel vol-
ume, the observed hydrolysis rate increased in
the temperature range of 15-30°C. This result
possibly indicated that the magnitude of internal
mass transfer resistance for substrate diffusion
was possibly constant in the temperature range of
15-30°C. The increase in the observed hydrolysis
rate up to 30°C may be explained by the dominant
effect of increasing substrate conversion ability of
immobilized enzyme with the increasing temper-
ature. As seen in Figure 5, due to the drastic
decrease in the gel volume occurred in the LCST
of the gel matrix (i.e., between 32-34°C), the av-
erage pore size possibly decreased to a critical

value that significantly prevented the diffusion of
BTEE molecules into the gel. In other words, the
internal mass transfer resistance against the sub-
strate diffusion increased drastically at the tem-
peratures higher than 30°C.° Then, the observed
rate decreased sharply after 30°C. The kinetic
behavior of the thermosensitive enzyme—gel sys-
tem was quantified by a diffusion-reaction model
to explain the observed tendency in Figure 4. The
details of proposed model are given below.

Mathematical Model

At steady state, the mass balance equation for the
diffusion of substrate through the gel matrix may
be written as follows:'?

D, d (r2dC) r.C
r’dr dr K,+C

0 (4)

In this equation, D, is the effective diffusion
coefficient of substrate within the gel micro-
spheres, and C is the substrate concentration at
any radial distance r. K, and r,, are the Miche-
alis—Menten kinetic parameters of the immobi-
lized enzyme. Note that physical entrapment was
used for the immobilization of a-chymotrypsin
within the gel microspheres. Due to the nature of
the selected immobilization method, it is expected
that Michealis—Menten parameters of immobi-
lized enzyme are roughly equal to the those of the
free one. Therefore, an assumption was made by
considering the equality of free and immobilized
enzyme kinetic parameters. The enzyme loading
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Figure 5 The variation of the equilibrium swelling
ratio of the enzyme—gel beads with the temperature.
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into the thermosensitive gel beads (mg;, mg/mL
gel at any temperature) may be expressed by eq.

(%),
mp; = Mg/ Vg (5)

where My, (mg) is the total amount of enzyme
loaded into the gel microspheres, and V,, is the
gel volume, depending upon the temperature.

The maximum hydrolysis rate of the immobi-
lized enzyme may be given by eq. (6).12

Tm = mEiVm (6)

where V,, is the maximum hydrolysis rate of free
(or immobilized) enzyme expressed in terms of
umol BTEE converted by per mg enzyme per
minute.

For the application of the mathematical model,
the enzyme—gel microspheres prepared by using
0.36 mg of enzyme in the bead formation medium
were selected. The enzyme leakage from the these
microspheres were determined as 26.88% based
on the initial activity present in the gel formation
medium.® By taking into account the enzyme
leakage, the total amount of enzyme loaded into
the microspheres was calculated as 0.263 mg. In
our previous study, the kinetic parameters of free
enzyme [K,, (uM BTEE) and Vy; (umol BTEE/mg
enzyme-min)] were determined at different tem-
peratures by using 0.36 mg of free enzyme in a
batch reactor having the same volume with the
continuous one (i.e., 130 mL).'® In these experi-
ments, the initial substrate concentration was
changed between 40—600 wM at the each temper-
ature. pH and composition of the hydrolysis me-
dium in the batch reactor were the same with the
continuous one.’* K, and V,, values estimated
from the Lineweaver—Burk plots sketched for
each temperature were assumed to be equal to
the those of the immobilized enzyme. The deter-
mined K,, and V,, values were also expressed as a
function of temperature (7,°C) by using a polyno-
mial-fitting algorithm based on the least-squares
estimation. The relationships are presented be-
low with their coefficient of variations (CV):

K, =205.1 +0.0562T — 0.02647"
Cv=0.82 (7)

V,,=175.48 — 24.48T + 1.1067T* — 0.0137*
CV=0.99 (8

Note that K,, of the free enzyme was reason-
ably insensitive to the temperature change in the
range of 15—40°C. For this reason, a low CV value
(i.e., 0.82) was obtained in the polynomial fitting
for K,, because the total change in K,, was very
small (i.e., about 5%). However, this relation
could describe the experimentally determined K,
value within 1% accuracy at the studied temper-
atures. As seen in eq. (8), V,, could be expressed
as a function of temperature with a sufficiently
high CV value because it changes drastically by
the temperature.

The diffusion and reaction model was not ap-
plied for the enzyme—gel microspheres prepared
by using 1.80 mg of enzyme in the gel formation
medium. To determine the free enzyme parame-
ters with such a high amount of free enzyme in a
batch reactor having a volume of 130 mL was
reasonably difficult, because the time for com-
plete conversion of BTEE was very short (i.e., less
than 1-2 min in most cases). Therefore, the accu-
rate determination of kinetic parameters could
not be achieved in the presence of very high initial
hydrolysis rates originated from the high amount
of enzyme in the hydrolysis medium.

The boundary conditions of eq. (4) may be given
as follows:

B dC_O 9
r—O W_ ()
r=R C=C, (10)

In eq. (10), R is the equilibrium radius of the
thermosensitive gel microspheres at any temper-
ature, and C, is the substrate concentration on
the surface of beads in the continuous reactor
operated at steady-state conditions. By neglecting
the external film-resistance around the beads in a
well-mixed reactor, the surface substrate concen-
tration may be assumed to be equal to the sub-
strate concentration in the hydrolysis medium.
This concentration value is also equal to the
steady-state substrate concentration in the outlet
stream. By using the following variables in eq.
(11), egs. (4), (9), and (10) may be expressed in the
dimensionless form.

{=r/R 60=C/C, (11)
Here, { and 6 are the dimensionless radial dis-

tance and dimensionless substrate concentration
within the gel beads, respectively.
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1 d (2de) 9¢%6

(=0 dfg—O (13)
(=1 6=1 (14)

In eq. (12), B is the ratio of surface substrate
concentration to the K,, value of the enzyme.

B=CJ/K, (15)

where ¢ is the Thiele modulus of the thermosen-
sitive gel beads and defined by eq. (16).

¢ = (R/3)(r,/K,D,)" (16)

The observed BTEE hydrolysis rate (@) with
the thermosensitive enzyme—gel beads in a con-
tinuous reactor operated at steady-state may be
predicted by eq. (17), where N is the number of
the thermosensitive enzyme—gel beads present in
the reactor. Here, it should be noted that the
decrease in the surface area of the beads due to
the decreasing radius with the increasing temper-
ature was the another factor controlling the ob-
served rate according to eq. (17).

(dC),-g
dr

Qs = +D 4TR’N a7

Here, it should be noted that the observed
BTEE hydrolysis rate may also be found from the
experimentally measured variables as given in
eq. (18).

Qobs = vCOXs (18)

To solve eq. (12), including an unknown Thiele
modulus value, with the boundary conditions of
(13) and (14), an iterative algorithm written in
Basic language was run in an IBM computer. The
iterative procedure was started with an assumed
value of the Thiele modulus. Then, the solution of
eq. (12) was performed by using Fourth Order
Runge—Kutta algorithm with the step size of
0.0005. In the algorithm, the Thiele modulus was
changed until the correct value was found. To
terminate the iterations, the equality of observed
hydrolysis rate predicted by eq. (17) to the exper-
imentally determined value was checked. The fol-

lowing expression was utilized for this purpose.
Equation (17) (i.e., predicted form of the observed
hydrolysis rate) was equated to eq. (18) (i.e., ex-
perimentally determined form of the observed hy-
drolysis rate). Equation (19) was obtained by in-
troducing dimensionless radial distance and di-
mensionless BTEE concentration into the
resulting expression.

d0),, X
d¢ ~ 4=RND, (€/CY)

(19)

The substitution of effective diffusion coeffi-
cient from the definition of the Thiele modulus
into eq. (19) yielded eq. (20).

(d),-, B 9K, o*uX
d{  4mwR°NV,, (C/C,)

(20)

When, the dimensionless concentration deriv-
ative at the surface of the gel beads was equal to
the right side of eq. (20), the iteration was termi-
nated and the Thiele modulus providing this
equality with 1% accuracy was taken as the cor-
rect value. As given in eq. (21), this criterion was
used in the program by taking the ratio of left side
of eq. (20) to its right side. When this ratio was
between 0.99 and 1.01, the iteration was termi-
nated. After estimation of the Thiele modulus for
a certain reactor temperature, the effective diffu-
sion coefficient of BTEE was calculated by eq.
(16).

(d60); 9K, ¢"vX -
[ d¢ }/[‘WRSNV,,, (CYCy) | =0.99-1.01

(21

By the evaluation of dimensionless BTEE con-
centration profiles within the gel beads, the ob-
served BTEE hydrolysis rates based on the vari-
able gel volume (umol BTEE/min-mL gel at any
temperature) were calculated for different tem-
peratures by using eq. (22).°

B 1 526
Robs - 3VmB 1+ Be dg (22)

0

Effectiveness factor of the thermosensitive en-
zyme—gel beads may be given by eq. (23).

n= Qobs/Qs (23)
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Figure 6 The variation of Thiele modulus and effec-
tiveness factor values of the enzyme-gel system with
the temperature of the hydrolysis medium.

In eq. (23), Qs and @, (umol BTEE/min) were
the observed hydrolysis rate and the hydrolysis
rate at the surface concentration of substrate,
respectively. Equation (23) may also be expressed
in the following form.

_ D ATRN(dC/dr),

R
WHTRN "¢,

(24)

For the numerical procedure, the effectiveness
factor was expressed in terms of dimensionless
variables as given in eq. (25).

1+
n="g v, (25)

The Thiele modulus and effectiveness factors
estimated by the iterative algorithm were plotted
against the hydrolysis temperature in Figure 6.
As seen here, there was a bending point in the
Thiele modulus of the enzyme-—gel system at
35°C. The Thiele modulus value at 40°C was sig-
nificantly higher relative to that observed at
35°C. Then, a sudden increase in the Thiele mod-
ulus was observed after the LCST of the gel ma-
trix. Although a fourfold decrease was observed
for the effectiveness factor in the temperature
range of 15-35°C, the decrease between 35-40°C
was about sevenfold. This result indicated that a
sudden decrease was also observed for the effec-
tiveness factor after the LCST value of the gel
matrix. A reasonably higher Thiele modulus and
lower effectiveness factor values clearly indicated
that the overall hydrolysis rate with the enzyme—

gel beads was controlled by the internal mass
transfer resistance against the substrate diffu-
sion. The variation of effective diffusion coeffi-
cient of substrate by the hydrolysis temperature
is given in Figure 7. As seen here, a drastic de-
crease occurred in the effective diffusion coeffi-
cient after 35°C, while it was decreasing slightly
in the temperature range of 15-35°C. By consid-
ering the definitions of the Thiele modulus and
effectiveness factor [i.e., eqs. (16) and (25)], the
sudden increase in the Thiele modulus and the
sudden decrease in the effectiveness factor at the
temperatures higher than LCST may be ex-
plained by the sudden decrease occurred in the
effective diffusion coefficient of substrate after
35°C. The decrease in the effective diffusion coef-
ficient is directly related to the shrinking of the
gel matrix by the increasing the temperature. A
representative SEM photograph indicating the
surface and the interior of uniform gel beads is
given in Figure 8. As mentioned elsewhere, the
gel beads were composed of two different parts,
namely, a highly porous interior, and a shell
layer, with reasonably lower porosity as the exte-
rior bead surface.’ The dimensionless BTEE con-
centration profiles determined by the numerical
solution of eq. (12) may be useful for understand-
ing which part of the gel beads was effective for
controlling the substrate diffusion rate within the
gel matrix. The dimensionless BTEE concentra-
tion profiles within the gel matrix are given in
Figure 9 for each hydrolysis temperature. As seen
here, only 1% of the bead radius was used as the
x-axis of the graph. In all temperatures, BTEE
concentration decreased immediately after the
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1E-7 »

1E-8

1E-9

Effective diffusion coefficient (cmzls)

1E-10
15 20 25 30 35 40

Temperature (°C)
Figure 7 The variation of estimated effective diffu-

sion coefficient of substrate with the reactor tempera-
ture.
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Figure 8 The SEM photograph showing the internal
structure and the surface of enzyme loaded uniform
NIPAM gel beads. Magnification:158X.

exterior surface and reached reasonably low val-
ues within 1% of the bead radius at any temper-
ature. As seen in the SEM photograph, the thick-
ness of shell layer around the macroporous inte-
rior was about 5 um. One percent of the bead
radius roughly corresponded to 15 um for a gel
bead having a 3-mm diameter in the production
conditions. One percent of the bead radius mainly
included the shell layer and a small part of the
macroporous interior. By considering the BTEE
concentration profiles shown in Figure 8, it could
be stated that the hydrolysis reaction was com-
pleted mainly within the shell layer, and the sub-
strate could not penetrate into the macroporous
interior of the gel beads. Reasonably high enzyme
content of the enzyme gel beads (i.e., 0.263 mg)
was possibly responsible for this behavior. The
shell layer was possibly in the form of an inter-
penetrating network including crosslinked isopro-
pylacrylamide and alginate chains due to the pro-
duction method of thermosensitive enzyme—gel
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Figure 9 The dimensionless substrate concentration
profiles within the thermosensitive gel matrix at differ-
ent hydrolysis temperatures.

beads.? Although it contained alginate chains, the
shell layer exhibited a thermosensitive character
because the diameter of enzyme—gel beads de-
creased with the increasing temperature.® There-
fore, the closing of pores on the shell layer re-
sulted in a decrease in the effective diffusion co-
efficient of substrate by increasing the
temperature. To verify the model results, the hy-
drolysis rates (based on the gel volume) predicted
with eq. (22) were compared with the experimen-
tally determined ones. The experimental values
were computed by using eq. (26).

R(exp) = UC(}/X/Vgel (26)

The results are given in Table I. As seen here,
the consistency between the predicted and exper-
imentally determined BTEE hydrolysis rates
(based on the gel volume) was reasonably good.
This consistency indicated that the estimation of
the Thiele modulus and the solution of eq. (12)

Table I The Comparision of Calculated and Observed

BTEE Hydrolysis Rates

Temperature R, X 102 R, X 107
°C) (uwmol BTEE/mL gel-min) (uwmol BTEE/mL gel-min)
15 1.528 1.537
20 2.098 2.087
25 3.170 3.138
30 4.995 4.954
35 18.495 18.316
40 5.086 4.938
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Table I Thiele Modulus Values Estimated by
Approximate Analytical Solution and the
Numerical Procedure Used in this Study

T (°C) @ns Paas Nexp s
15 424 424 0.0412 0.0410
20 69.3 69.9 0.0250 0.0252
25 86.0 86.6 0.0191 0.0192
30 141.4 142.7 0.0112 0.0113
35 251.0 251.4 0.0069 0.0069
40 2002.0 2016.7 0.0009 0.0010

T, temperature; ¢, , Thiele modulus from numerical pro-
cedure; ¢,,., Thiele modulus from approximate analytical so-
lution; 7., experimentally determined effectiveness factor;
e effectiveness factor determined by the numerical proce-
dure.

could be performed correctly at the each temper-
ature.

On the other hand, an approximate analytical
solution for diffusion limited case was also avail-
able in the literature.'® In the approximate solu-
tion, it was assumed that all substrate was uti-
lized in a thin region within the bead adjacent to
its exterior surface.'® The validity of this assump-
tion was shown with the substrate concentration
profiles determined by the iterative procedure
(i.e., Fig. 9). Then, the effect of curvature in
spherical geometry was neglected in the transport
equation of substrate. Based on this approxima-
tion, the evaluation of transport equation of sub-
strate yielded the following expression between
effectiveness factor and the Thiele modulus of a
spherical enzyme carrier.'?

Nee1 = (HV){(1 + B)/BI2"{B — In(1 + B} (27)

As seen in eq. (27), this expression is valid for
the large values of the Thiele modulus. To esti-
mate these values by the approximate solution,
the effectiveness factors at different tempera-
tures were calculated by using experimental data
according to the following expression.

mn= {UCOX/Vgel}/{rmB/(l + B)} (28)

Experimentally determined the effectiveness
factors and the Thiele modulus values from the
approximate solution [i.e., from eq. (27)] are given
in Table II. Both the effectiveness factors and the
Thiele modulus values estimated by our model
are also included in Table II. As seen here, the
Thiele modulus values from the iterative proce-
dure were very close to those found by the approx-
imate solution. This result indicated that approx-
imate analytical solution was also valid for the
enzyme—gel system used in this study.
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