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Abstract

The kinetics of oxidative phenol degradation with microbial cells Candida
tropicalis, immobilized in a polyacrylamide and polymethacrylamide matrix,
were mathematically simulated assuming zero-order and Michaclis-Menten rate
equations,

For zero-order kinetics an expanded equation for catalytic effectiveness as a
function of the Thiele modulus, Biot number, and partition coefficients was
derived and compared with numerical solutions for Michaelis-Menten kinetics.
Errors with regard to the zero-order approximation become negligible if
cof K> 2.

Experimentally determined catalyst activities as a function of particle size and
cell concentration were compared to calculated ones. Additional experiments to
determine the diffusion and oxygen consumption ratios have been carried out in
an effort to resolve the physical parameters to be used in the above mentioned
calculations.

Furthermore, experiments on cell growth during reincubation with nutrients
and oxygen are reported; an increase in activity up to a factor of ten was
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observed. These experiments demonstrate that the microbial cells are entrapped
in the polymer matrix in the living state.

Index Entries: Candida tropicalis, entrapped; microbes, entrapped living;
immobilized microbes, living; polymeric networks, entrapped microbes in;
phenol degradation; kinetics, with entrapped cells; catalytic efficacy,
mathematical calculation of; fermentation, of entrapped cells.

1. Introduction

In the preceding paper (I), different types of polyreactions have been
compared to develop improved procedures for whole-cell immobilization via
polymer entrapment. Choosing dibutyl phthalate as the suspending liquid,
polyacrylamide beads could be prepared with a retention of catalytic cell
activity of close to 100%. By substituting acrylamide (AAm) with
methacrylamide (MAAm), polymer networks of improved mechanical
stability could be obtained.

In this preceding publication, “catalytic activity” was referred to only in a
qualitative manner to obtain a general idea of toxic inactivation during cell
immobilization.

As is well known in heterogeneous catalysis, the activity of such a system is
not only a function of the concentration of active sites, but also depends on the
supply of substrates to these sites. A complete analysis of the “catalytic
activity” problem therefore requires not only information on the reaction
kinetics themselves, but also on the diffusional transport and partition
equilibria. This approach through analogy to heterogeneous catalysis has long
been realized in bioengineering systems, ¢.g., in immobilized enzyme catalysis
(2-6, 14) or pelietal growth.

In studying phenol degradation with immobilized Candida tropicalis cells we
soon realized the necessity of applying an equivalent approach to the proper
description of immobilized cell catalysis, since oxygen supply should definitely
be a critical step in such a three-phase heterogeneous reaction system. Brief
reports on the results have been given before (7, 8) and it is the purpose of this
paper to provide an insight into the details of our procedure.

Starting with the theoretical aspects of modeling the system, the experimental
methods used to determine single system-parameters are described, and finally a
comparison of calculated and experimentally determined activity data in the
region of diffusional transport control is given.

2. Mathematical Modeling
of Immobilized Whole Cell Kinetics

2.1. Consideration of the Problem

The starting point of our consideration of the kinetics of heterogeneous
phenol degradation is the well-known differential equation for simultaneous
diffusion and isothermal reaction in a spherical catalyst (9, 10).
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D.[(d*c/ dr®) + 2dej rdn] = v(c) (N

The right-hand side of Eq. (1) consists of the mathematical description of the
homogeneous Kinetics in the absence of any diffusional limitation.
Considering the stochiometry of our reaction, the concentration ranges, and
the diffusion rates of phenol and oxygen, it can be shown that the
heterogeneous reaction rate is limited only by oxygen concentration, which
then must be inserted into Eq. (1). The influence of oxygen concentration on
homogeneous phenol degradation has been investigated in our laboratory (//)
and by others (/2). The reaction rate is zero order when the oxygen
concentration exceeds about 1/6 of air saturation concentration and is of first
order in the lower oxygen concentration range. This behavior must be
described by approximations, which may be:

(a) Michaelis-Menten kinetics, where

V(€) = Vi * ¢/ (K ¥+ ) (2)
and (b) a zero-order reaction, where
W) = ky 3)
Solutions of Eqs. (1) and (3) with the boundary conditions
r=r. c=0 de/dr=190 4)
r=R c=2¢C»p (S)
have been given by Krasuk and Smith (/3)
3/ =2r./RY— 3(r/ RY + 1 (6)

and by Moo-Young and Kobayashi (/4)
n=1-{05+cos[(h+4m/3]} h=cos [6/p)—1] (7
n=1-(r/R) (8)
¢ = R(k./2D. - c»)'* 9

Catalyst efficiency (1) and Thiele modulus (¢b) are dimensionless numbers that
are widely used in heterogeneous chemical reaction analysis (9, 10, 15). nis the
ratio of the heterogeneous reaction rate to a reaction rate without diffusional
or transport limitations under the same conditions.

It must be mentioned here that we use ¢ as a single abbreviation for Thiele
moduli that are differently defined for zero- and first-order and Michaelis-
Menten reactions, but its formulae are derived from a generalized definition of
¢, which has been given by Bischoff (/5).

Looking at a graphical plot of oxygen concentration between gas phase and
catalyst (Fig. 1) we see that substrate concentration on the surface is not
identical with substrate concentration in the bulk liquid phase, and therefore
that Eqgs. (6) and (7) are only approximations for the special case of negligible
mass transfer resistance between liquid and solid phase. This approximation is
not valid in the case of highly active catalysts and in the case of a microcapsule
in which active core and liquid phase are separated by a permeable wall.
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F16. 1. Schematic drawing of a substrate concentration curve from the gas phase
to a catalyst sphere. The special case of a microcapsule is indicated by a thick broken
line.

In the following section we derive an equation for a zero-order reaction in a
catalyst that includes terms for external mass transfer resistances. We also take
into consideration that partition coefficients deviating from unity may arise at
the liquid-solid phase boundary, depending on the chemical structure of solid
phase and substrate and assuming the catalyst to be a homogeneous phase.

In a later section we apply the method of Na and Na (16-18) to solve Eq. (1)
for Michaelis-Menten kinetics with consideration of external mass transfer.
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2.2. Derivation of an Expanded Equation
for Heterogeneous Zero-Order Reaction

External mass transfer resistances taken into consideration here are mass
transfer

(a) from gas to liquid phase
(b) from liquid to solid phase
(¢) through a permeable wall

Oxygen transfer from air to water may be written:

vr= —(1/V¥) (dN/dt) = kia (C’b—(‘b) (10)
Oxygen transfer from bulk liquid to catalyst surface is expressed by Eq. (11)
vi=kg(co— ¢5) 8¢/ Vr (ll)

and diffusion through the wall of a microcapsule is described in Egs. (12) and

(13)

Ve = (Dew/ VO [£[¢. 4 0 (dc) dr) (12)
and after integration
ve= 3D, Bri[(co— ¢/ R(R — 1)) (13)
where
B=V/Vr= vilv, (14)
Introducing the partition coefficients
kpo = Cof Cs (15)
and
kpi= ccfci (16)

a combined Eq. (17) can be formulated instead of Egs. (10) to (14) by
eliminating the intermediate concentrations.

ve=1/{{R (R~ r)| Dewkpori) + (3B/ Rkia) + (1/ks)}
[cb — ci (knil kpo)] (3B/ R) (17

Equation (17) may be shortened by introducing an overall mass transfer
coefficient .

B = 1/{{R(R — r)] Dewkpor]] + (3B Rkia) + (1/ks)} (18)

Under stationary conditions, mass consumption by reaction is equivalent to
mass transfer to and mass transport into the catalyst particle.
ve=(1/V) (ch/ dt)= D.(dc/dr).(3/R)=f8
[es = i (kpi/ kpo)] (3] R) (19)
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Instead of Eq. (5) we get new boundary conditions from Eq. (19). For a
microcapsule:

r=ri,c= = (kpo/ ky) [cb = (D. B) (dc] dr).] (20)
For a spherical particle: ¢i= ¢, , kpi =1
r= R, C=Co— kpo [Cz_(Df/B) (dc/dr) R] (21)

Integration of Eq. (1) with the boundary conditions (4) and (20) leads to an
equation describing catalyst efficiency 7 as a function of Biot number Bi,
Thiele modulus ¢, and partition coefficients:

n=1—{1/[1 = (kpo/ kp:Bi)]} {0.5 + cos [(h + 4 m)/31})°
h=rcos™ (1 = {1 = (kpol kpBDY {(kpo! k) [(4/Bi — 6/9")] +2)) (22)
Bi= 8 R/D. (23)
A detailed derivation of Eq. (22) is given in the appendix. For the case when
kpo/ kpi =1 and 1/Bi = 0, Eq. (22) is identical with Eq. (7). It must be noticed

that Eq. (22) is only one of three possible solutions of a cubic equation, but it
will solve most of the existing practical cases.

2.3. Heterogeneous Michaelis-Menten Kinetics
with External Mass Transfer

Equation (1) for Michaelis-Menten kinetics must be solved numerically,
which may be done by several methods. We have used the procedure of Na and
Na (16-18), which is very simple.

A dimensionless form of Eq. (1) for enzyme kinetic may be formulated by
substituting

c/ci=y (24)
r/R=x (25)
(d'y1dx") + Qdy| xdx) = 2Boy/(Bi + Bay + Byy) (26)
Bs is a term for the inhibiting action of substrate or product (14).
B.= R*v./2D.Ku (27)
Bi=1 (28)
B2 = ¢t/ Ku (29)

The boundary conditions for the integration of Eq. (26) are:

x=1,y=y = kpo/kpi [1 — (1/Bi) (dy/dx)]
[dimensionless form of Eq. (20)] (30)

X=0,y=y,dy/dx=o0 (3hH

Contrary to the zero-order reaction case, the oxygen concentration in the
center of particle differs from zero. An ordinate transformation
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y=A-y't (32)
of Eq. (26) gives Eq. (33), which is independent of A
(d'y'/dx’) + 2dy" [ xdx) = 2Boy" (B + Biy" + Biy™) (33)
B:=4- B (34)
Bi=A%Bs (35)

Integration of Eq. (33) with an initial-value method such as that of Runge-
Kutta leads to values for y; and (dy’/dx),. Integration is started with y; = 1
and (dy'/dx)o = 0. Then the transformation parameter A is calculated with
Eq. (36) derived from Egs. (30) and (32).

A = [(1/Bi) (dy/dx) + (kpi/ kpo) yiT"' (36)

Retransformation with A leads to the values for y; and (dy/dx):, which,
however, belong to a new parameter value 8, = 83/ A and not to the initially
introduced value f3;.

Catalyst efficiency 7 is the ratio of heterogeneous reaction rate, expressed as
rate of diffusion into the catalyst to the rate of unhindered homogeneous
reaction.

N = Ddc/dnr4 TR [(4/3) T R [Vm s/ (Ku + cb)] (37
n = 3(dy/dx), (1 + B.)/2f, (38)

or
n = 3(dy/dx)i [(Br + B: + B5)/2.] 39

7) may be correlated with ¢ by using a general formula of Bischoff (/5) which,
for the case of B; = 0, leads to

@ =6 [B:/(1 + BB~ In(1 + B)]*° (40)

Relations for the case that f8; # 0 have been given by Moo-Young and
Kobayashi (14).

2.4. Summary

Equation (22) allows the calculation of catalyst efficiency for zero-order
kinetics when certain parameter values are known. Thus, &, is calculated from
the amount of immobilized microorganisms per catalyst volume X, the activity
of free suspended cells Q, and the activity yield after immobilization Y. Y
results from a comparison of the reaction rate of immobilized cells at n = 1
and the reaction rate of free suspended cells.

k=0 Y X (41)

1In this context, A does not yct represent an arca; in accordance with the original literature
(16), it designates the transformation parameter.
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D., D.., and k, values must be measured in diffusion experiments. The value
of ¢ is then calculated from Eq. (9), and k; can be roughly estimated from
empirical values. One substrate concentration must be measured. If the
concentration in the bulk liquid is known, kja is not needed. Otherwise k1a
must be measured (for example, with the sulfite method) since it is very difficult
to calculate.
The reaction rate in reactors with stationary conditions is calculated from 7
with Eq. (42).
ve= ko (Ve/ VP (ri/ R’ (42)

For the calculation of first-order kineticst in the same manner, we give here the
Aris solution (/0), which we have extended with respect of partition
coefficients:

1)1 = (koil kpo) (&7/3) ((1/Bi) + {1/[(/tanh @) — 1]}) (43)

Numerical integration using the method of Na and Na allows only an indirect
calculation of catalyst efficiency. In practical cases, when definite kinetic
parameter values have to be considered, theinitially used parameter value B:is
altered during the integration method by the transformation procedure.
Repeated integrations with variations of the parameters 3, and 3 lead to a
number of 7, 8, and ; values. The corresponding ¢ values are calculated
from Eq. (40) and a series of well distributed 17 and ¢ pairs may serve as a basis
for interpolation by a graphical plot of 7 as a function of ¢ at constant Biand
kp. Then in a practical case, ¢ is calculated from Eq. (40) with experimentally
determined B; values, and the corresponding 7 can be read off from the
graphical plot.

3. Experimental Procedures
for Parameter Determination

3.1. Reaction Kinetics

3.1.1. Phenol degradation rate. The kinetics of immobilized and free
suspended cells were studied in a well-stirred batch-reactor system, as
schematically shown in Fig. 2. Polyethylene-flasks (500 mL) were equipped
with a hollow glass tube with a four-branch rectangular bottom device.
Pressurized air was supplied through the glass core and was frequently
dispersed into the fluid at the bottom of the reactor, at the same time providing
the momentum for rotational fluid stirring. In a typical experiment with
immobilized cells, 0.5 g of catalyst particles were suspended in 300 mL of a 3 X
10 M phenol solution at a pH = 6.7 controlled by 0.1 M phosphate buffer.
The air supply was sufficient to establish a solution concentration of oxygen
close to saturation equilibrium.

A minor part of the solution was continuously circulated to a photometric
cell where the phenol concentration was recorded at A = 270 nm.

Y = Rk, D)%, vi=ky e (V| VF) (ril R’
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FIG. 2. Experimental device for kinetic measurements. The phenol concentration
in the bubble-stirred batch reactor was continuously measured at 270 nm and
recorded.

A linear, zero-order plot was obtained for phenol consumption from which
the reaction rate could be calculated as follows:

vew = — dcpu/dt = — dE/ dedr (44)

An assay of the kinetics of free suspended cells was similarly carried out with
about 0.1-0.2 g wet cells.

3.1.2. Oxygen demand. Calculation of catalytic efficiency requires a
knowledge of the quantitative value of molar oxygen demand per mole of
degraded phenol, since there is evidence from the literature that the simple
stoichiometric value of 7 mol O,/ mol phenol for complete conversion to CO;
and H,O could not be used. Oxygen respiration of free Candida tropicalis cells
was measured with a “Gilson Differential Respirometer.” Oxygen respiration
of immobilized cells was measured in a fixed-bed reactor with an oxygen-
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F1G. 3. Estimation of oxygen demand for microbial phenol degradation by
simultaneous measurement of oxygen and phenol consumption in a catalyst bed.

sensing electrode device at both ends of the reactor. At a given fluid velocity the
oxygen consumption could simply be calculated from the inlet/ outlet oxygen
concentration difference and then be corrected to the simultaneously recorded
phenol consumption. The instrumental setup is shown in Fig. 3.

3.2. Mass Transport and Partition Parameters

3.2.1. Effective diffusion coefficient and permeability coefficient. An
experimental device, as shown in Fig. 4, was used for the determination of
effective diffusion coefficients D, in the polymer matrix and for the phenol
partition coefficient k, between the aqueous solution and the catalyst.

Crosslinked polymer discs of 5 cm in diameter and 2-4 mm in thickness were
prepared and placed between two metal parts to obtain a two chamber system.
The upper chamber was filled with 100 mL of a 10>M phenol solution,
connected to an additional reservoir vessel of 300 mL with a circulation pump
to maintain practically constant phenol concentration on one side of the
membrane. The lower chamber initially contained 5% NaCl solution and the
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FIG. 5. Recorder trace of the phenol concentration in the lower chamber of the
permeation cell.

phenol concentration as a function of time was continuously recorded by
circulation through a photometer cell. A schematic drawing of a typical
recording is shown in Fig. §.

The time lag ' is used to calculate the diffusion coefficient D., while k, can be
obtained from the slope of Fig. S, which represents the product (k, X D,)
which may be designated as permeability coefficient P.

D.= d*/ 61" (ref. 19) (45)
k,D. = (dc|dt) [V] A(dc]| dx)] = (dc] dt) (Vd] AAc) (46)

d = thickness of membrane; 4 = area of diffusion; ¥ = volume of lower
chamber; Ac = concentration difference = constant =~ 10> M.

3.2.2. Mass transfer coefficients ks and k. - a. Empirical correlations for
the calculation of k; have been discussed by Satterfield (9). Typical examples
are

k| Do = 0.997 Np,”
valid for N, = 1.000 47

(ksdp/ Doy = 4.0 + 1.21N¥

valid for Ng < 10.000 (48)
where
Npe = dpyU| D, (49)

Np. = Pelect number; k; = mass transfer coefficient liquid/solid (cm/s);
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d, = diameter of particle (cm); D, = diffusion coefficient in the liquid;
U = fluid velocity. Since in a fluidized reaction system a value of U is difficult
to obtain, in a first approximation the Pelect number for free sedimentation

Npe= pd> A p/ uD,18 (50)

(where p = density of liquid; A p = density difference, solid/liquid;
M = viscosity) can be used. Calculations based on Egs. (47) and (50) showed
only a slight variation of k, with variable particle sizes to be of interest here.
The mean value k. =7 X 107 cm/s was therefore used further on. No direct
attempt was made for a determination of (k. - a). Under the condition of
rather low concentration of catalyst particles in the reaction volume, oxygen
concentration in the liquid phase—as confirmed by measurement with an
oxygen electrode—was practically identical to saturation concentration. Mass
transfer resistance from gas to liquid phase could therefore be neglected.
However, the influence of variation of (k.a) values was estimated in some
model calculations (Fig. 6b.). Other model calculations show the possible
influence of k, (Fig. 6a) and of the ratio (ri/ R)’ of microcapsules (Fig. 6c).

It can be seen that 7 is only slightly reduced when k; falls from values greater
0.1t00.007, which is a realistic case. Incases of insufficient stirring, k, may fall
to 0.001, which causes a strong reduction in 7. The influence of k;a becomes
more important when B, the loading of reactor with catalyst particles, is
increased.

Microcapsules have only small catalyst activities when their core volumes,
which contain the enzymatic active species, are too small compared to the
volume of an overall particle. It is therefore necessary to prepare microcapsules
with thin but very stable walls. It should be noted that 7 in Fig. 6c is only
related to the capsule core and not to the overall capsule volume.

3.3. Reincubation of PMAAm Entrapped
Candida tropicalis Cells

Wet PMAAm beads containing 0.025 g/ cm® Candida tropicalis cells, with
23% alive after immobilization, were rinsed thoroughly for 12 h at4°C witha
9% sterilized NaCl solution to clean the surface from adsorbed cells. In a
number of parallel experiments 0.5 g of the wet PMAAm beads were incubated
at 30° C with 100 cm’ of a nutrient medium and vigorously shaken insterile 1-L
Erlenmeyer flasks.

Five hours later, incubation was stopped and the beads were again rinsed for
12 h witha0.9% NaClsolution. The activity of all fractions of different catalyst
particle radius had risen to about 2 X 10 mol/cm’-h. Then the incubation
was again conducted as described above for S0 h. Some samples were removed
from the incubation flask after shorter times and washed again thoroughly
with 0.9% NaClsolution to eliminate residual nutrient medium and phosphate.
Elemental analysis for the phosphorus content of some preparations was
carried out to determine whether there is an increased amount of cells. The
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catalytic activity of the preparations was determined as described previously.
The nutrient medium and the salt solution have been used as follows:

Nutrient medium Salt solution
Phenol, 1g ZnSO,, 11 g
Yeast extract, | g MnSO, : H:0, 6 g
NH(NO;, 2 g FeSO, - TH,0, 1 g
(NH4)2SO4, 2 B CoSo; - 7H20, 0.3 4
KH;PO,, 1 g CuSO, - SH,0, 40 mg
KzHPO4 . 3H20, 2 g H3P04, 60 mg
Na;HPO, - 2H,0, | g KJ, I mg
MgSO, - 7H,0,0.2 g EDTA, S5g
KCl,02 g

Salt solution, 1 mL

Water Water

To 1000 mL To 1000 mL

4. Results and Discussion

4.1. Results of Model Calculations Based
on Michaelis-Menten Kinetics

The results of some numerical calculations, using a fourth-order Runge-
Kutta integration procedure, are given in Table 1. It can be seen that up to 10
steps may be necessary to obtain a good approximation to a limiting value. On
the other hand the critical influence of an inappropriate choice of the
parameters B, and 8; on the resulting values of 82, 7, and ¢ can be evaluated.
In Table 2, givensets of ¢b, Bi, and k, values as well as catalytic efficiencies 7 for
different reaction kinetics, namely zero-order Michaelis-Menten kinetics and
first-order kinetics for the limiting substrate concentration, are presented.

At higher substrate concentrations, i.e., ¢,/ Km > 2, the values for MM-
kinetics show only minor differences compared to the zero-order case. Under
these conditions the numerical integration procedure can easily be substituted
without loss of accuracy by the analytical solution available for zero-order.
Care however must be observed at low values of Bi < 4 and high values of
kpo/ kpi since the analytical solution may not be possible owing to extreme
cosine arguments.

An increase in kg, such as might be achieved by an appropriate
modification of the polymer matrix to enhance substrate sorption, certainly
has a larger effect on 7 in a first-order reaction compared to the effect in a zero-
order reaction. This then would correspondingly apply for cases of lower
substrate concentration ¢»/ Ky < 1 in Michaelis-Menten kinetics.
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TABLE 1
Initial Parameter Values and Results of Numerical Integrations with the
Method of Na and Na“

B, %2 B; Bi N B 7 10

400 1x10° 5 5 22.708 0.504  3.064
400 1x10° 5 10 24.856 0.538  2.925
400 1X10° S 30 23.807 0.523  2.991
400 1x10° 5 50 23.650 0.521  3.001
8000 1x 10" 4 5 94 0.121 659

8000 1 X107 4 10 771 0.677 229

8000 1x 107" 4 20 1120 0.830 1.89

400 1x107° 12 10 40.902 0.833 2264
400 1 x 10 12 10 28.293 0.713  2.737
400 3x 107 12 10 4.342 0.240  7.039
400 1 X107 5 10 7.374 0.221  5.436
400 1 X107 5 10 3.877 0.136  7.425
400 1x10° 5 10 12.508 0.331  4.161
400 1x10* 5 10 39.008 0.706  2.32

100 s X 107 5 10 23.595 0984  1.502
100 6% 10° 12 10 3.956 0522 3.678
100 2% 107 12 10 2.187 0.389  4.786
200 1 %107 12 10 10.497 0.606  3.217

Calculations were done with a Hewlett Packard HP 67 calculator. (k, = 1)
N = number of integration steps.

4.2. Oxygen Respiration

Photometric determination of phenol concentration as function of time of
free suspended cells only gives the specific rate of phenol consumption, Qp, of
Candida tropicalis, from which the rate constant

k%= QmX (51)

where ki is the rate constant for phenol disappearance and X is the cell
concentration, can be calculated. Since oxygen is the rate-controlling
cosubstrate, the rate constant for oxygen consumption

k. = QuX = kU Qox/ Qrn) (52)

is needed.

The ratio Qox/ Qpn is equal to the number of moles of O, actually consumed
to convert 1 mole of phenol to final products. Neujahr et al. (20) reported
Qox/ Orn = 3.5 from Warburg experiments, while a value higher than 4 was
observed by Nei et al. (27). Calculations based on a value of 3.5, however, gave
much higher catalyst efficiency values than were observed by us
experimentally.

An example of an instationary respiration experiment in the Gilson



ENTRAPPED MICROBIAL CELLS 107

TABLE 2
Influence of Partition Coefficient and Reaction Order on Catalyst efficiency

Catalyst efficiency

kn  Bi ¢ o/ Ku Zero-order  Michaelis-Menten  First-order®
1.0 12 7.039 4342 0.237 0.240 0.243
1.0 12 4786 2.187 0.397 0.389 0.377
1.0 12 3.678 3.956 0.539 0.522 0.486
1.0 12 3.217 10.497 0.620 0.606 0.545
1.0 12 2.737 28.293 0.724 0.713 0.615
1.0 12 2.264 40.902 0.845 0.823 0.693
0.8 12 200 — 0.04] — 0.055
0.8 12 9.130 2.446 0.153 0.152 0.140
0.8 12 6.653  4.887 0.242 0.235 0.208
0.8 12 3.307 19.574 0.560 0.544 0.426
0.8 12 2.067 48.869 0.848 0.829 0.582
2.0 12 200 — 0.043 — 0.110
2.0 12 10.0 — 0.154 — 0.309
20 12 50 — 0.455 — 0.720
20 12 20 — ’ — 1.479

n was calculated according to Aris (/0).
*In this case, the cos™ argument of Eq. (22) allowed no calculation.

Respirometer is shown in Fig. 7. A curve (1) showing the molar consumption
ratio Qox/ Qpn as function of time is combined with a second curve (2), showing
the difference of oxygen consumption and CO, production; thus, from these
two curves the molar production of CO, per mole phenol can be obtained as
well. Parabolic extrapolation of curve (1) to r = o gives a limiting value of
about Q.x/Qrn = 5-5.5. Considering the contribution of endogenic
respiration, a value of 4-4.5 is obtained.

In the second approach, a stationary value of Qox/ Qr» Was obtained using a
fixed-bed reactor in a continuous mode. The data of these experiments with
two different catalyst preparations are summarized in Table 3. The average
value of Qox/ Qrn = kv/ ki = 4.67, which includes the actual contribution of
endogenic respiration, confirms the former results. Throughout the following
calculations, the value Qox/ @pn = 4.5 was used. No further attempt was made
in this study to develop a more detailed understanding of the reaction pathway
during phenol degradation (21).

4.3. Diffusion and Partition

The diffusion experiments were first carried out on polymer network

preparations with no entrapped cells. In Fig. 8 the results of the phenol
diffusion and permeation studies are shown in a graph of D. and P,
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FiG. 7. Volumetric measurement of oxygen demand for the microbial phenol

oxidation with a Gilson differential respirometer.

TABLE 3

Results of the Measurement of the Oxygen Demand Related to Phenol in the

Fixed-Bed Reactor of Fig. 3

Parameters Catalyst | Catalyst 2

v (m’/h)* 0.092 0.085 0.091  0.086
Acox X 10° (mol/L) 3.29 2.58 6.82 6.58
VA cox X 10° (mol/L) 3.01 2.19 6.23 5.69
Acpn V[t X 10° (mol/h) 0.634 0.481 1.28 1.28
VACor/ (Dpn V1) = Qox/ On 4.74 4.55 4.86 4.44

°Quantity of liquid passing the fixed bed catalyst per hour.
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Fi1G.8. Influence of polymer volume fraction on phenol diffusion coefficient and
permeability in various polymer networks.

respectively, as functions of polymer concentration, where the different
symbols represent different chemical network types. The curves (1) and (2) are
represented by the equations

D./ D, = exp — 4v, (53)
where v, is the volume fraction of polymer in the network, and
P= kD, (54)

where the value D, = 8.5 X 107 cm’/s has been taken from the literature (22).
Since the data obtained by White and Dorion (23) show that the factor4 in the
exponent of Eq. (53) is the limiting value for small molecules, we felt justified in
also applying Eq. (53) to oxygen diffusion. The ratio D./ P gives a partition
coefficient of k, = 0.8 that seems to reflect more accurately the ratio of pore
volume to total volume than any specific interaction mechanism. Under these
circumstances, the value k, = 0.8 would be assumed to hold for oxygen as well.

Substrate diffusion becomes more restricted if immobilized cell
preparations are considered. In these sets of experiments, different cell
concentrations have been entrapped in polymer networks at constant polymer
concentration (v, = 0.2 based on the cell-free volume). Despite some
scattering, the resuls for the diffusion coefficient may be correlated by Eq. (55):

D./ Do = (1 — X)’exp — 4vp (55)

For PAAm and PMAAm networks, the value k, = 0.8 can again be obtained
from the composition of diffusion and permeation (see Fig. 9). However, some
care should be observed in generalizing such results too early since permeation
data obtained with a slightly ionic network (PMAAm + acrylic acid
comonomer) require a definitely lower value of &, (see Fig. 10).
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FiG. 9. Influence of cell concentration on permeability of nonionic polymer
networks (v, = 0.2).
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F1G. 10. Reduced permeability of phenol in an anionic polymer network
(MAAm/MAA copolymer, v, = 0.2).

4.4. Catalytic Efficiency of Candida tropicalis
in PAAm Networks

Experimental results on the reaction rate for phenol degradation by PAAm-
entrapped cells of Candida tropicalis are summarized in Fig. 11, and may be
compared with calculations based on Eq. (22) of the mathematical model (see
section 2.2). The ordinate shows the phenol degradation rate v: while different
cell concentrations X are given on the abscissa. The curves represent studies
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FIG. I1.  Comparison of phenol degradation rates of PAAm entrapped Candida
tropicalis as function of particle size and cell content in the catalyst particle with
calculations based on Eq. (22).

with catalyst particles of different diameter, and the experimental data
symbols represent results obtained with three different particle size regions.

The straight line denoted 1 represents those activity values that can or might
be obtained if all surviving immobilized cells contributed 1009 activity. This
would of course be equivalent to the kinetics of freely suspended cells or to the
limiting value of particle size R = 0.

The parameter values used in calculations based on Eq. (22) are given in
Table 4.

TABLE 4
Parameter Data Used for Model Calculations
V.= QolX Y
Qo = 2.7 X 10’ {mol/ [g(wet)h]} = 4.50u
ve=4.5v.
Y = activity yield after immobilization = ¢.9
kp.=08

ki=17%107 cm/s

cs=¢5 =23 X 107" mol/cm’ (ref. 24)
D, =28 X 107 cm?/s (ref. 24)

v, =0.1

De= D, (1 — x)' exp(<4vy)
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The model calculations clearly show increasing diffusional limitation with
increasing particle size from R = 0.125 mm to R = 0.375 mm. Deviation from
line 1 therefore occurs earlier as the catalyst particle size increases, i.e., between
X =~ 0.03 (for R =0.375) and X =~ 0.12 (for R = 0.125 mm).

The experimental values of X = 0.03 for all particle sizes represent valuesin
the reaction controlled regime (i.e., 7 = 1), while increasing cell concentration
leads to a differentiation based on diffusional limitations.

The results for the 0.125-0.20 fraction and for the 0.25-0.375 fraction are in
especially good agreement with the computed values.

This seems to be an indication for the applicability of the mathematical
mode! and for the accuracy of the experimentally determined parameters to be
used in these calculations.

The data for the 0.20-0.25 fraction for several intermediate X values are
definitely smaller than theoretically expected. This and the scattering of the
experimental data are presumably caused by difficulties in getting an exact
weight of the wet catalyst. Values of the activities for all preparations at
X = 0.06 and 0.22 that are too low may be related to a somewhat higher toxic
inactivation during immobilization, thus requiring values of Y < 0.9 in the
calculation.

4.5. Activity of PMAAm Preparations and Reincubation

As reported in the preceding paper, entrapment in PMAAmM results in a
generally higher loss of enzymatic activity compared to PAAm, and values of
Y = 0.3 (as compared to Y = 0.9 for PAAm) are quite typical.

Although the mechanical properties of the PMA Am beads are superior to
those formed by PAAm, only significantly lower catalytic activities are
observed after immobilization.

As reported earlier (7), however, living immobilized cell systems can be
activated by incubation with required nutrients. Based on “secondary” cell
growth in the polymeric matrix, the number of immobilized and active cells
can be drastically increased, accompanied by a related increase in catalytic
activity.

The increase in reaction rate for phenol degradation as a function of
incubation time is demonstrated in Fig. 12.

Based on elemental analysis of the phosphorus content of immobilized cell
preparations during this incubation procedure, the average cell concentration
can be estimated to rise from an initial value of 0.025 (with residual activity of
20%) to a value of X = 0.08 (after 27 h) and X = 0.14 (after 55 h) where the
latter value seems to be a limiting one.

Following the calculated lines in Fig. 11, the limiting maximum value of
catalytic activity for a given particle size seems to require cell concentrations
above X = 0.20. The corresponding approach to a maximum value in Fig. [[
at a much lower value of X seems to be indication for an inhomogeneous cell
distribution in the catalytic particle, caused by preferential cell growth in the
outer shell and diffusion-controlled growth conditions.
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FIG. 12. Phenol degradation rate of a catalyst preparation as function of
reincubation time.

Maximum activities of PMAAm preparations after incubation are quite
comparable to the maximum activities of PAAm-particles, as can be seen from
Table 5, where the slightly lower values of the PMAAm series seems to be
caused by the polymer concentration (v, = 0.2 as compared to v, = 0.1 for
PAAm).

Using PMAAm-embedded cells, an interesting observation has been made
with regard to their stability in the presence of oxygen. Experiments with free
suspended cells of Candida tropicalis showed a very fast and practically
quantitative loss of catalytic activity if the oxygen concentration was higher
than air saturated. Thus oxygen could be supplied only ina diluted fashion, as
in air.

Phenol degradation experiments with PMAAm-immobilized cells have then
been performed in which pure oxygen was supplied at increasing levels.

As shown in Table 6, increasing the oxygen concentration levels in the
solution increased the rate of phenol conversion. Diffusion limitation

TABLE 5
Comparison of the Maximum Activity of Polyacrylamide- and Polymethacrylamide
Network-Entrapped Candida tropicalis Cells

R, mm ve (PAAmM: v, =0.1) v, (PMAAm: v, =0.2)° v, (calculated)®

0.125-0.20 8.24 X 10° 6.18 X 10° 6.6 X 10°
0.20-0.25 7.11 X 10° 542 X 10° 59X 10°
0.25-0.375 5.36 X 10° 581 X 10° 3.9 X 10°

“After reincubation with a nutrient medium.
*x=103 (assumption); v, = 0.2
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TABLE 6
Influence of Oxygen Concentration on the Activity of
Polymethacrylamide Network-Entrapped Candida tropi-
calis Cells

Cox, Mg/ L v. (R=0.2-0.25) v, (calculated)’
7.2 5.32 X 10° 4.37-5.46 X 10°
20.0 6.96 X 10° 6.36-7.23 X 10°
36.0 7.67 X 10° 7.39-8.08 X 10°

°With the assumption that X = 0.12.

obviously resuits in an intraparticular concentration decay down to a level
where cell activity is maintained.

Assuming a cell concentration of X = 0.12 (based on the activity level at the
usual oxygen concentration level), the increasing reaction rates can be readily
simulated by our mathematical model (see Table 6).

Appendix
Derivation of Eq. (22) in section 2.2.
d'c/dP + (2dc/ rdr) = k.| D, (A.1)
c/cb=y (A.2)
rfR=x (A.3)
&y dx* + (2dy| xdx) = 2¢’ (A.49)
¢’ = Rk./2D.ch (A.5)
The general solution of differential Eq. (A.4) is:
y=(1/3) ¢ - (Ki/0) + K; (A.6)
where K;, K; are integration constants
dy/dx = (2/3) ¢’x + (Ki/ x) (A.7)
The boundary condition (dy/dx). = 0 allows the calculation of K;
Ki=-(/3) ¢’x: (A.8)

Introducing the dimensionless form of Eq. (20) from section 2 as a second
boundary condition

x =1, y = (kpo/ kpi) [1 — (1/B1) (dy/dx)] (A.9)
we get
Kz = (kpo/ kp) [1 = (1/Bi) (dy/dxn] — (2/3) ¢’xi — (1/3) ¢* (A.10)
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Egs. (A.8) and (A.10), when inserted into Eq. (A.6), lead to a description of the
concentration curve in the catalyst pellet

y=(1/3) ¢'x* +(2/3) ¢ (x3/X) + (kyo kp))

[1 — (1/Bi) (dy/dx)i] — (2/3) ¢’xi — (1/3) ¢* (A.11)
At x = x., we have y = 0, and with the first derivation of Eq. (A.11)
(dy/dx) = (2/3) ¢* — (2/3) ¢'xi (A.12)

we get

0= ¢’xi + (k! k) {1 — (1/Bi)
[(2/3) " — (2/3) ¢*xT} — (2/3) ¢’xi — (1/3) ¢° (A.13)

Division by ¢* and simplification leads to Eq. (A.14)

0=(2/3)[1 — (kno/ ko) (1/BD)] x2 — x2 + (2/3)
(kpo! kp) (1/Bi) = (kpo/ kp) (1/ ¢*) + (1/3) (A.14)

This is a cubic equation of the form
0=ax, + axi + ax. + a (A.15)

with a; = —1 and a, = 0. One of the three solutions is (Hewlett Packard HP 67
standard programs):

x. = 2M°° cos {(1/3) cos™ [N/(—M*)**]} — a2/ 3a; (A.16)

M=[3a; — (d3/a)]/9as = — 1/943 (A.17)

N =[Oaa /@) —21a, — 2@/ B))/54a: = — ao/2as + 1/27a} (A.18)
Introducing Eqgs. (A.17) and (A.18) into Eq. (A.16) we get

Xe=(2/3a) cos {(1/3) cos ' [1 — (27/2)adi]} + 1/3as  (A.19)

xe=(2/3a5) (0.5 + cos {1/3 cos™ [I — (27/2) a.a3}}) (A.20)

cos” [1 — (27/2)a.di] = h (A.21)

xe={1/[1 = (kpo/ kp) (1/Bi)]} [0.5 + cos (1/3)h) (A.22)

The value of the catalyst efficiency of a zero-order reaction is identical with the
fraction of active catalyst volume

N=ViV.=(R-r)/R=1-x (A.23)
n=1—({1/[1 — (kp/kp) (1/BD)]} {0.5 + cos [(h + 47)/3]})’ (A.24)

h=cos" (1 —(27/2) (4/9) [1 — (kso kp) (1/Bi)T
(2/3) (kpo/ kpi) (1/Bi) = (kpo/ kp) (1/p7) + (1/3) (A.25)

h=cos ' (1 —[1— (kp/ks) (1B} (A.26)
{(kpo! ki) [(4/Bi) — (6/ ™)} + 2})

The term 47 must be added to h to get calculable cosine arguments in Eq.
(A.24).
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List of Abbreviations and Symbaols

A Area of gel disc in diffusion experiments (cm?)
a Area of gas-liquid boundary per unit of fluid volume (cm?/cm?)
B Ratio of particle volume to fluid volume
Bi Biot number
¢ Concentration (mol/cm?3)
¢» Concentration in the bulk liquid
¢» Saturation concentration of a gaseous substrate in liquid
c. Concentration on the inner side of a microcapsule wall
¢, Concentration at the inner side of a microcapsule wall
¢ Concentration at the surface of a catalyst particle in the liquid
rs Concentration at the surface in equilibrium to ¢,
D. Effective diffusion coefficient (cm?/s)
D.. Effective diffusion caefficient in a microcapsule wall
D. Diffusion coefficient in a liquid (cm?/s)
d, Diameter of a particle {cm)
d Thickness of a membrane (cm); length of absorbance in UV spectroscopy (cm)
E Absorbance
F Fluid
ki Mass transfer coefficient gas—liquid (cm/s)
k. Mass transfer coefficient liquid—solid (cm/s)
k, Partition coefficient
k. Reaction rate constant (mol/cm3-s)
K Michaelis-Menten constant {mol/cm’)
Npe Peclet number
Nr. Reynolds number
P Permeability coefficient (cm?/s)
Qo: Oxygen consumption by microorganisms (mol/s-g (wet))
Qv Phenol consumption by microorganisms (mol/s-g (wet))
R Radius of catalyst particle (cm)
r. Radius at which oxygen concentration becames zero (¢m)
r; Inner radius of the wall of a microcapsule {cm)
S. Surface of the catalyst particle (cm?)
1 Time (s)
i Time lag (s)
U Fluid velocity (cm/s)
V. Volume of the catalyst particle (cm3)
V¢ Volume of fluid (cm?)
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ve Reaction rate per catalyst volume (mol/ cm3-s)
vr Reaction rate per fluid volume (mol/ cm3-s)
vm MaXimum reaction rate in Michaelis-Menten kinetics
v, Polymer volume fraction of catalyst particle volume
X Concentration of cell mass [g (wet)/ cm?]

x Dimensionless radius

Y Activity yield after immobilization

y Dimensionless concentration

B Combined mass transfer coefficient (cm/s)

€ Absorbance coefficient

n Catalyst efficiency

i Viscosity [g/(s-cm)

o Density (g/cm?)

@ Thiele modulus
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