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ESTIMATION OF EFFECTIVENESS PACTORS IN HETEROGENEOUS BIOCATALIST
SYSTENS WITH NON-UNIFORM ENIYME DISTRIBUTION
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An approximate method for effectiveness factor estimation using analytical
expressions (perturbation and matching techniques) is applied to immobilized enzymes
responding to Antrinsic Michaelis-Menten kinetics disturbed by internal diffusion.
The effect of different enzyme distribution profiles is considered. The method repro-
duces with good accuracy experimental results and numerical solutions.

INTRODUCTION

Immobilized enzymes, attached to
solid supports or trapped intoc them,
are of great scientific and technologi-
cal Importance (Buchholz, 1992). They
can be easily removed from the reacting
system and ropeatedly used for the
transformation of additional amounts of
substrate. They can be also used in
convenient reactors faor performing
continuous enzymatic processes. Porous
materiale have the advantage of a great
avallable specific surface; however,
the negative effect of internal diffu-
sion and & non uniform enzyme distribu-
tion can be present in these cases.

Diffusion is a very common problem
in heterogenecus catalyeis, which is
generally expressed through the concept
of effectiveness factor (Aris, 1975).
Calculation of effectiveness factors
can be carried out analytically only in
simple cases, such as first and =zero

order reactions. When the kinetic
equation is more complex, complicate
numerical solutions are required.

Therafore, approximate expressions were
ugsed in order to solve this problem in
the case of immobilized biocatalyst

(Yamané, 1981). Gottifredi et al.
(1981, 1986) have employed analytical
expressions for approximations of

effectiveness factor. These expressions
make possible simple evaluations with
an acceptable accuracy. Although the
technique takes into account arbitrary
kinetice and pellet geometry, the
particular case where a non-uniform
biocatalyst activity inside the parti-
cle arises and where a portion of the
catalyst pellet near the center ia not
active, were not investigated. The
effect of different type of enzyme
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distribution, including the case pre-
viously indicated and taken into ac-
count a Michaelis-Henten kinetics, is
reported in this paper. Results are
compared with those of other authors
obtained experimentally or using
numerical calculations .

ANALYSIS

Let us consider an immobil{zed
biocatalytic reaction that is carried
out in an Lilsothermal spherical porous
pellet. The reaction rate per unit
pellet volume will be given by the
Michaelis-Menten intrinsic kinetic
expresaion:

Vm c*

Ky + ©°

where C' denotes the dimensional subsa-
trate concentration while its corres-
ponding value at the pellet surface is
c;. K_ holds for the Michaelis constant
and V_ for the maximum velocity,

" 'r“. dimensionless rate of reaction
r can be cbtained by dividing equation
(1) by its surface value r

(1)

a
2 r C{K+1)
1. = ' {(2)
e K+cC
where
K= xm/c;. C= c~/c; and

Ey = VpCol (K *Cl) o (3)
Assuming steady state condition,
the dimensionless mass balance inside
the biocatalyst pellet can be written

as :
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1 d dc N
——xz—-hzf(x)t. (4)
xz dx dx

Here, x le the dimensionless norma-

lized dlstance measured from the pellet
center and

2
R r
hz - g N (s)
lJe c;
h being the Thiele modulus, b, the

substrate effective diffusivity and Ilp
the pellet radius.

To take Linto account the non
uniform distribution of the enzyme into
the catalyst pellet, a function f(x) is
introduced. The restrictlon of constant
enzyme load to compare results requires
the normalization of f{x) in such a way
that:

1
J J
0

Equation (4) is solved with the
following boundary conditiona:

£(x) 2 dx = 1. (6)

dc
C=1 at x = 1; «0 at x=0. {7)
dx
Under reallistic conditicns, Eqn.

(4) does not have an analytical wsolu-
tion and the numerical solution requi-
res a strong computational effort, even

with novel numerical technigques. Ne=-
vertheless, a general solution can be
obtained using the perturbation and

matching technigue developed by Gotti-
fredi and Gonzo (1987), which is based
on the knowledge of the asymptotic
behavior of the solutions for amall and
large values of the Thlele modulus (h).
Following the procedure sketched
for the technique just indicated, when
(h => 0) it ls proposed that
C =1+ A{x) h? + o(h¥), (8)
which after introduction into Egn. (2)
and taking Linto account only terms up
to the order of h® leads to:

£' =1 + h? A(x)(K/(K*1)), (9)

where A(x) i3 the solution of the
differential equation  cobtained by
replacing Eqna. (B)—-(9) into Egn. (4)

and equating terms of the same power of
h:
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1 d dA
—_ = xa — = f(x) (10)
x? dx dx
with boundary conditions
Alx) =0 at x =1 and
da
— =0 at x = 0. (11)
dx

Since the effectiveness factor
is defined as the ratioc of the pellet
volume averaged reaction rate to the
rate under outside surface conditions,

then (Froment and Bischoff, 1990) we
have
1
’-:I”” r'xzdzt
0
= (3/h%) ddesax), (12)

8y wolving differential equation
(10) and taken into account Egn. (9) we
obtain

7 =1-o0h?+o(h,

Ik 1
(x+ 1) Jg

The asymptotic molution for (h =->
m) can be found using the Clareaut
substitution in Egn. (4). As the reac-

(13)

where

£(x) Alx) x2 dx.

(14)

tion is irreversible and considering
BEgqn. (12):
P
g —— (15)
h
with
1 1/2
ﬁ-.\[zunjr'dc] (16)
0
for this specific case:
K 1/2
P =3 [2 £{1) (I+K)(1+K.1n( H] .
K+1
(17)
With the aim of obtaining an expression
which permlt the estimation of % for
all range of h values, the formula
proposed by Gottifredi et al. (1986)
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was used to match the asymptotic solu-
tions equationsm (15) and (13)
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T« (82 + exp (-ah2)1"M/? (18)
in which "
h="h/p . (19)
The unknown parameter “ a* can be

determined by comparing the expansion
of Eqn. (18) when h is very small, with
Egn. (13). This yields

as1-2cpt. (20)
on the other hand, when (h -> ®) , Egn.
(18) reproduces exactly Egn. (15).

One of the most important features
of Egn. (18) is that the unknowns "av
and " " are detarmined in a very saimple
and explicit form through Egna. (17)
and (20), respectively.

In the case of a < 0 it is assu-
med that a =0 in Eqn. (1B) to avoid
inconsistency of the proposed matching
expression, Then, a very simple ex-
pression results instead of Bgn. (1B):

LR S e (21)

These expressions can be woasily
modified in order to generalize the
treatment for several pellet geome-
triea, accordingly, Lf f(x) = 1 :

P = (N+1)[2-£(1) (1+K) (14K, 1n{K/K+1)))"
(22)

a =1 =2 p2K/((Ne1) (W+3) (K1)}, (23)

where N = 0; N = 1 and N = 2 stand for
slab, cylindrical and spherical pellets
respectively. The value of Rp in Egn.
(5) is the radius of spherical and
cylindrical pellets, but Lt must be
replaced by the half thickness in the
case of slab particle.

RESULTS AMD DISCUSSION

Equation (4) has been solved nume-
rically by several authors for the case
af uniform aennyme distribution
(£(x)=1). A comparison between the
results of Horvarth and Engassar (1974)
for a mlab geometry with those predic-
ted through Egn. {18), are presented in

Fig. 1 4in order to [Lllustrate thas
performance of the approximate ap-
proach. It is clear that Egn. (18) is

able to predict values in very close
agreement with the corresponding valuss
obtained by numerical technigue for the
entire range of modified Thiele modulus
¢ or catalyat pellst lt?, being #
dafined as ® = R ‘vn’Da'xm) .

Experimental d&. on the activity of
immobllized chymotrypsin on DEARE-cellu-
lose was also presented by Regan et al.
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mean particle size

(1974). For
umol/min cm

this case (v, =5.10°
of support; K, = 8 mM;
40 um and D = 5.4

10™° em®/min), the authors found expe-
rimentally that as /€, decreagsed
from 3.4 to 0.43 the e?!ectlvenecl
factor changed from 0.46 to 0.72. For
these extreme values of K,,,/C.: the
effectivenass factor eetimated using
Egn. (18) are 0.463 and 0.734, respec-

tively.

20
Cs/Km

Fig.1 : Plots of the normalized rate of

reaction Nr. /Y, against the dimension-

less subatrate concentration C'{’Ka at

different values of @=R, (V_ /D K )

Trace line draw from qu.(u).

0o 0 o Numerical calculation (Horvarth

and Engasaer, 1974).

Abbreviations are as in Tables 1 and 2.
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Fig.2 : Comparison of experimental re-

gults (open symbols) with values calcu-
lated according to Egn.(18) (trace li-
nes) for sucrose inversion by immobili-
zed yeast cells (Toda and Shoda, 1975).
Naximum rate V,( umol/min. 1:012;
. [0 57; A455. R =0.047 cm; K_=38 mN:
0. =4.10"% co fmin? il
reviations are as in Tables | and 2.
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Toda and Shoda (1975} presented
exparimental data for the sucrose
inversion by yeast cells Immobilized in
spherical agar pellets. Some of thelr
results together with curvese calculated
with Eqn. (18) are shown in Fig. 2. A
very good fit of the experimental data
can be observed in this case.

Hoolimans et al. (1990) determi~-
ned, using a microsensor,the oxygen
concentration profiles in spherical
agarose gels pellets containing entrap-
ped L-lactate mono-oxygenase. After
calculating the intrinsic kinetic
parameters, they estimated values of
effectiveness factors for several
pellet diameter and enzyme concentra-
tiona. Some of their results are compa-
red in Table 1 with those obtained by
Egqn. (18), the values were corrected
considering the external film diffusion
presaent in this case.

TABLE 1
Calculation of experimentally determi-
ned effectiveness factors (n ) vaing
Egqn. (18). Data for L-lactate moncoxy=-
genase supported in spherical agarose
gel pellets (Hooijmans et al., 1990)%.

Protein con. 2llg exp.n thoor.lzb’

kg/m3.102  m.%0?
0.25 o 0.98 0.97
0.25 S 1 0.95
0.25 6 0.9 0.92
0.25 o 0.98 0.97
0.50 a 0.9 0.93
1.25 4 0.75 0.79
2.50 a 0.67 0.61

%) Maximum rate:v =0.36 mol/kg protein.s
Nichaelis-Nenten const. :x_-o.au_gol
Bffective diffusivity: D =2.3 10 /8

’wllqcalcu.!atad using Egn.(18) and
corrected considering the influence of
external film diffusion.

With the aim to examine the effect
of different enzyme distributions on
7 two functions were tested:

i) polynomial f(x)= bllloxfxz),
IL) parabolic £(x)= b, x°.

Taking into account condition (6)
the values of parameters by and b, are:

by = 20/47 b, = 5/3
A graphical representation of these
enzyme distributions are shown in Flg.
3. The effect of the nonuniform
enzyme distribution on the bicparticle
effectiveness factor evaluated accor-
ding to Egn. (18) is important as shown
in Table 2, where results for catalyst
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with the non uniform distributions (b
and ¢ in Flg. 3) are compared with that
caorrespondent to uniform distribution
for the case of immobilized Chymotryp-
nin on DEAE-cellulose (kinetic data
from Regan st al., 1974). As can be
seen, the biocatalyst with nonuniform
enzyme distribution exhibits higher
effectiveness compared with that of
uniform distribution, The improvement
on the effectiveneas factor can be as
high as 30%, specially under conditions
of considerable internal mass tranafer
limitation.

20
21.54
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Fig.3 : Bnzyme distribution used in the
estimation of effectivensss factors.

a) Uniform: f(x) = 1

b) Polynomial £(x) = 20;;7(:«xvx’)
c) Parabolic f(x) = 5/3

d) Parabolic in the range 0.3 = x s ]

TABLE 2
Effect of enzyme distribucion on effec-
tiveness factor ml-
v.u = 5xI _suaoxlm.cn" ' K_ =8 mN ;
Dy = 5.4.10™% ca/min; C, = 10 mM( Daca
for immobilized chymotrypsin in DEAE-
cellulose, Regan et al., 1974).

R, (um) 1
P unif. 2! Para.b’ Poly.c’
1 0.9984 0.99%2 0.9988
5 0.9636 0.9783 0.9718
10 0.8719 0.9227 0.8%70
20 0.6504 0.7697 0.7001
30 0.4802 0.5932 0.5320
40 0.3693 0.4694 0.4145
50 0.2970 0.3817 0.3350
2) fx) =1
B) fix) = 573 2
©) £(x) = 20747 (19x+3°)
Cq.= substrate concentration at the

pellet surface; R, pellet’s radius;
other abbreviations Ero 45 in Table |.
have

Borchert and Buchholz (1984)
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shown that the ratio of effectiveneans
factors for nonuniform and uniform
enzyme distribution is around 1.43 for
the hydrolysis of BAEE on pellets with
immobilized Trypsin. They found that
the enzyme profile s of the parabolic
type but with the enzyme concentrated
in the outer shell of the carrier.
Using our procedure for the effective-
ness factor estimation and an enzyme
distribution of the form:

f{x) = 4.1709 (x-0.3)%
for 1z x2 0.3,
and f(x) =0 for 0.3 2x 20,
Ll.e, profile (d} in fi 3, _and
taking : - 1.205.10‘%““:”1/@3 ;
v, * -3.3.10'3 mol/min.g and R_ =
8.75.10 em, the following value "was
obtained = 0.3785. Meanwhile f{for
f(x) = 1 (uniform distribution) 1 =
0.2648 . The ratio of both values isas
1.43, which is the value found experi-
mentally.

CONCLUSIONS
As was shown, expreasion (18)
accurately predicte effectiveness

factor values when non uniform enzyme
distribution is considered even in the
case where a inner shell of the ca-
talyst particle is not active.

It can be copcluded that our general
procedura presented (n this contribu-
tion can be safely used to produce
effectiveness factors estimation when
these kinds of kineticse and enzyme
distribution are to be considered.
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