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   A  method  was  developed for investigation ef  the  influence ofporc  and  film diffusional
resistances  on  the  everal1  rate  of glucose isomerization reaction  subject  to enzyme  dc-
activation  in the  iJnmobilized cells  reactor.  Two  kinds of  effbctiveness  factor, oD  and

nDf, werc  used  to illustrate the  mass  transfer  aspccts  ofthe  system.  The  actual  reaction

rate  can  be expressed  in terms  of  a  prodUct of  the ideal reaction  rate  by  a  multiplier,

nD or  vDt. uD is the  multiplier  for the  ideal rate  based on  the  surface  concentratiDn  and

rpDf is based on  the  bulk concentration,  The  constant  of  cnzyme  deactivatien was
estirnated  by nurnerical  analysis  of  thc change  in rpD with  time  obtaincd  cxperimentally

in contlnuous  stirred  tank  reactor.  The surface  concentration  was  estirnated  by iterative

calculatlon  method.  A  calculation  pTocedure of  nDf' from kinetic data and  physical
constants  determined  by  experimcnts  was  developed. The  satisfactory  agreement

between the calculated  values  and  the  experimenta]  results  supports  the  validity  of  this

theoret{calanalysis.

  In heterogeneous immobilized-enzyme
catalysis,  difTinsional resistances  inside' the

particles (pore diffiision resistance)  and  in
the  liquid film surrounding  the  particles
(film diflUsion resistance)  are  inevitable.
These  diffUsional effbcts  may  reduce  the
everall  reaction  rate  and  make  the  analysis

of  reaction  kinetics complicated.  The  eflect

of  pore difllision has been quantified through
the  concept  of  an  effbctiveness factor.r) Fer
simplicity,  pore  diflUsion has often  been
studied  separately  from  film diffusion by
many  authors.Stti  In practical rcactor

performance, however, both the  eflhcts  of

pore  and  film diffusion often  exist  simul-

taneously.  In non-linear  reaction  kinetics
the  film and  pore resistances  are  too inter-
related  for separation  of  these  two  effects.

A  theoretical  description ef  film diflUsion
combined  with  pore  diflUsion was  given by
Lec  and  Tsao." In their report,  the  film
factor, defined as  the ratio  of  substrate

concentration  at  the  particle surface  to that

in the bulk, was  usecl  to account  fbr film
difll]sion.

  Furthermore, a  major  obstacle  to the

commercial  use  
'of

 immobilized  enzymcs  is
the loss of  enzymc  activity  due to deactivation.
From  an  economic  standpoint  it is important
to  minimize  this deactivation loss. For the

eMcicnt  design of  an  immobilized enzyme

reactor,  
'it

 is essential  to develop a  model  that

aceounts  for simultaneous  reaction  kinetics
and  mass  transfer. In addition,  the  efibct

of  deactivation must  be considered.  The
effbcts  of  mass  transfer  on  fractional con-

version  and  operational  stability  of  im-
mobilized  invertase, B-galactosidase, tr'ypsin

and  hexokinase in a  fixed bed reactor  have
been  studied  by Kobayashi and  co-

workers5}.  In our  previous report,`)  the

effect  of  diffusional restriction  on  the  overall

reactien  rate  of  immobilized  cells  in a  plate-
typ6  reactor  under  laminar flow operation

has been described. In this study,  cells  of

Stropton!yces phaechromagenes, possessing glucose
isomerase activity,  were  immobilized by the

aggregation  of  chitosan.  Besides the  con-

ventional  effbctiveness  factor which  is used  to

quantify the  extent  ofporediflUsion  resistance,
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an  overall  effectiveness  factor was  defined as

the  ratio  of  actual  reaction  rate  (with pore
and  film resistances,  and  deactivation) to the

ideai rate  without  these influences. The

overall  eflbctiveness  factor can  be used  as  an

important  design parameter.  It was  the

purpose of  this present work  to analyse  the

infiuence ef  difftisien on  the  change  in the

eflbctiveness  facter ofimmobilizecl  cells  subject

to  deactivation and  to demonstrate quanti-
tatively  the  correlation  between thc  pore and

film resistances  so  as  to  provide a  better

understanding  in the  design of  an  enzyme

reactor.

            Experimental

  Preparation  of  immobmazed  enzyme

Immobilized enzyme  beads in which

Stroptompces Phaechrome.aenes cells  containing

active  glucose isomerase were  prepared  based

on  the  aggregation  of  chltosan  (obtained
from the  Toyobo  Company).  The  spccific

activity  of  glucose isomerase in the  im-

mobilized  cells was  350 IGIUIg.  One  Inter-

national  Glucosc Isomerase Unit  (IGIU) is

defined as  the amount  of  enzyme  which

initially converts  one  micromole  ofglucose  to

fruetose per minute  at  pH  6,85 and  600C.
The  substrate  so!ution  contained  2 M  glucose,
O.02 M  MgSO`  and  O.OOI M  CoCls in O.2 M

maleatebufler.  Thesizesoftheimmobilized

enzyme  beads were  determined  photo-
graphically after  the beads were  swollen  in

distilled water  for 24 hr.
  Experimental  reactor  Figure] shows
a  schematic  diagram  of  the  column  reactor

employed  in this study.  The  immobilized

Ther
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servoir

       1rnfT}eb;Iized cells

Fig. 1. Schematic  diagram  efa  diffbrential type

   reactor.

                    [J. Fcrment. Technel.,

enzyme  beads were  packed in a  glass column

(l,5 cm  internal diameter, 20 cm  height)
with  ajacket  for temperature  control.  The

temperature  of  the bed was  monitored  by
means  of  a  thermocouple.  Three different

particle sizes-8-12  mesh,  20-30 mesh  and

40-48  mesh  (average radii  O.125 cm,  O,046 cm
and  O.O18 cm,  respectively)-were  used  in
the  experiments.  The  flow reactor  ran  in a

temperature  range  of  60-800a  and  at  a  feed
fiow rate  of  30-l20 mllhr.  The  substrate

solution  was  pumped  via  a  preheater into
the bed by a  peristaltic pump.
  An  Amicon  ultrafilter  (Model 52, working

volume  25 ml)  was  used  as  a  
'stirred

 type

reactor  to yield conditions  where  the  film
difflisional eflect  is small  enough  to be
neglected.  The  fructose content  was  assayed

at  appropriate  time  intervals.

  Substrate solution  The  substrate  solu-

tion  contained  e.5-5.15 M  glucose, and

4xlO-'  M  MgS04･7HsO  in O.1 M  Tris-

bufler. The  pH  was  adjusted  to 8.3.

  Analytical  methods  Fructose and

glucose were  assayed  by  the  cystine-carbazole

method  and  Glucostat method  (Werthington
Biochemical), respectively.

              Theoretical

  Kinetics  It is well  known  that  glucose
isomerase catalyzes  the  glucoseafructose
reaction  in a  reversible  rnanner.T'  According
to Peller and  Nberty,8' the rate  equation  for
this mechanism  in the steady  state,  considering

enzyme  deactivation, can  be given as  fo11ows,

    rA'-d,C,A-ip(lhiX.KA3.C,k-.za', £:'CB
                                 (l)
where  CA and  (]B are  the concentrations  of

glucose and  fructose, respectively,  P';i' and

KA  are  the  maximum  react;on  rate  and  the

Michaelis-Menten  constant  of  the  forward
reaction  respectively,  and  Vb' and  KB  are  the

same  constants  fbr the  reverse  reaction.  The
activity  coeMcient,  ip, is the ratio  of  the

reaction  rate  with  deactivating enzyme  to

that  with  fresh enzyme.  The  equilibrium

coneentration  of  glucose and  fructose is

correlated  by the  fo11owing equation:
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   Cao=  Ca+CB  ==  Cte+CBe  (2)
where  CAe and  CBc are  the concentration

of  glucose and  fructose at  equilibrium,  re-

spectively.  CAo is the  inlet glucose concen-

tration.･  The  reduced  concentration  of

glucose, Cs, is defined as

   CLs=CA-CAe  (3)
After rearranging  Eqs. (1)-(3), the rate

equation  is rewritten  in aii ordinary  Michaelis-
Menten  form fo11owing the  method  described
by Lee  et  al."

          Vin'Cs
   rst=gb                                 (4)
         Km+Cs

where

  v;.･..,-1+(l/K) vAr
       1-(K.fK.)

  K.=1+{CAol(K+1)}{(1fKa)+(KfKB).}-K.
                1-(KA/Kp)

   K=.VL,'(K.  (s)
       Vb'tK.

and  K  is the  equilibrium  constant.  The
deactivation of  enzyme  was  assumed  to  be a

first order  reaction  to yield

      ddi
   

-d,
 

=kr(T)ip

 (6)

where  kJ is the  rate  constant  ofdeactivation.

  Mass  transfer  aspects  subject  to deac-
 --tlvatlon

  Pere dtfiiision The  irnmobilized cells  ag-

gregated by chitosan  is 1ooked upon  as  a

porous and  spherical  particle within  which

enzymes  are  uniformly  distributed. Con-
sidering  a  situation  where  a  liquid film does
not  exist  outside  the particle and  the  surface

concentration  is identical to  the  bulk concen-

tration, a  mass  balance of  the  steady  state  on

glucose inside the particles gives the  following
equation  in terms  of  the reduced  concen-
   -tratlon.

   D.(daf,  ̀+3  
d,C,s)-cb

 .,V;!'£i, -o  (7)

where

   lk ...  vh t 
×

 entrgpped  cell mass  (g)
               volume  ef  gel                          (ml)
The  boundary condition  and  the  initial
condition  are

Reaction Rate  of  Irnmobillzed Enzyme

                  dCs
                      -o

                                 441

             at  r=O
    dr

     Cs=dsR  at  r=R  (8)
      di ==1  at  t== O

  Since the immobilized  cells  were  prepared
by aggregating  the preheatcd cells  with

chitosan,  the  kinetic parameters of  the

immobllized  cells  were  consid ¢ red  to be the

same  as that of  the preheated cells.  Thus,
the  maximum  reaction  rate  bascd on  the
volume  of  immobilized cells  can  be evaluated

by multiplying  the maxirnum  rate  based on

the  weight  of  the  preheated cells  by  a  factor
which  represents  the  weight  of  preheated  cells

contained  in the  unit  volume  of  gel.

  DA  is the effhctive  diffusivity of  glucose and
r  is the  radial  distance of  the  particle. In
the  case  of  negligible  film diffusion, the

eflbctiveness  factor, denoted by vD, was

defined as

       Actual reaction  rate  (without film

   v. -  diflUsion resistance)

       Ideal reaction  rate  (without en-

       zyme  deactivation and  diffusion
       resistance)

3
   dCsD.-H
   dtr-R

       R

where

   rA =  {b

rA

theseen
 that

parameters,

CSB. ¢  iS
Thielelinear,

thesolving

 Eq.
estimation

deactivation

Accordin
by  the fo11
eflectiveness

rd
 e-1

  essesR

(9)

         VinCs
        Km+Cs

  repr ¢ sents  the  reaction  rate  based on  the

volumeofimmobilizedcells.  Bynormalizing

   diflerential equation,  Eq. (7), it can  be

        vD  depends en  two  dimensionless

           ip=-ft--!VinlkltDIL and  ae=Kntf

         conventionally  referred  to as  the

      modulus.  Since the  reaction  is non-

      analytical  solution  for vD cannot  be
readi]y  obtained  from  Eqs. (7)-(9). Although

   concentration  profile can  be obtained  by

          (7) numerically,  an  approximatc

          method  fbr ?D  proposed  by
Kobayashi'O) taking  into account  enzyme

            was  applied  to  this work.

       g to this method,  vD  was  represented

         owing  equation  in terms  of  the

           factors for zero  and  first order

NII-Electronic  
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kinetics
      ,

   VD ==

where

CasN,  SuGA, and  TAaucHT

denoted  by Eo and  Ei, respectively.

.E.ei++a.dE...!.
 (io)

E･-(l-(e

  7=cos-i(

E, -=  
VSipr

 (
    

M
 
=:

 
'V

 
-2
 (1 +aB)V<1  1ctR)-ln{1 +(l laR)}

    cb==e'kft 
''

    a==2.6aRO-S

  Pore difi`sien combined  with  Yilm da71usion
Usually the  film resistance  is not  negligible  in
the  enzymc  particles packed  in a  column

reactor.  In an  attempt  to illustrate the

infiuence of  both the  pore and  film diflUsion,
the  overall  effbctiveness  factor, denoted as

vDt, is defined as  fo11ows:

        Actual  reaction  rate  (with deacti-
        vation  of  the enzyme  and  e                               fllects
      -  of  diffiision resisrmces)
   ?Df

             mvifisl/vTg'

+cosl!LS4n)e m  
-

              vtZfi>  1fV  3

3m2tgb 
-i)  (1 l)

    1 1>
tanh  3mVZi- 

-'fl/fiiVww?'fi"1

          di

        Idear 
'r-e'action

 rate  (witfi6ff{Tale'ttc' -

        tivation  of  the enzyme  and  e                               lkcts
        ofdiflUsion                  resistances)

           VinC,.

      ..?D'k' v

'

inmc+,?se
 (i2)

         Kpt+Css

where

   Css== Cas-CdLt

   CsR=:(]AR-CAe (l3)
CAs and  CAn represent  the  bulk concentratlon
and  the surface  concentration,  respectively.

When  the  fi]m resistance  cannot  be neglected,
a  cencentration  difference between  the

particle surface  and  the bulk is significant.

As mentioned  before, the  actual  reaction  rate

is expressed  in terrns of  a  product  of  opD by

the  ideal reaction  rate  based on  the  surface

concentration.  But  in the  case  where  the

surface  concentration  is smaller  than  the bulk
concentration  due to the  film resistance,  the

overall  mass  transfer  process cannot

suMciently  be illustrated by ?D alene.  The
correlation  between pore  diffusion and  film

                    [J, Ferment. Technol.,

clifll]sion can  be- interpreted as  fo11ows. A

material  balance  at  the  solid-liquid  interface
 .glves:

   kL'(Css-CsR)=vD'{l-'K:i/iElcSB,m. . (14)

Combining  Eq. (12) and  Eq.  (14), a

dimensionless equation  for opps is obtained  as

   vD, =  Vp'B' }++ 
aa;-

 (l5)

where

   B== SS,B, =tt-{1-as(V"3Mr  +1)

      +V[1  -as(  
opD3MJ

 +1)]S+4asl

        V;,R                    Km
   Mf==  K.ki;  (Vs==  c,, (16)

mr,  referred  to as  the film modulus,  is regarded
as  a  parameter to  express  the  efl;:ct of  film
resistance.  B, the  so-called  fi1rn factor,`) is

an  index for the  film resistance.  Equation

(16) shows  that  the  relation  between the  film
and  pore  resistance  is impliclt because vD

dcpends on  CsR. This situation  occurs  in
non-first  order  reactions  such  as  Michaelis-
Menten  kinetics. From  the  above  description,

vDr can  illustrate the  overall  eflbcts  ofdiflUsion

and  enzyme  deactivation in the  immobilized
cell  systcm:

  lterative catculation  of the sucflctce concentration

From  Eqs. (10) and  (15), vDr depends en  the

bulk concentration  as  well  as  thc  surface

concentration,  on  which  vD  depends. There-
fore, calculation  of  the  eflbctiveness  factors,
opDf and  vp, needs  the  value  of  the sunhce

concentration,  Since vD depends  on  CsB,

th ¢  surface  concentration  eannot  be explicitly

expressed  from  Eq. (15). Thus, an  iterative

calculation  method  for the surface  concen-

tration  using  Eqs. (10) and  (15) waS  proposed.
First, the  surface  concentration  was  assumed

to  be a  reasonable  value,  say,  CleRi. The
values  ofaR  and  trs was  calculated  from their

definitions, respectively.  The  degree of

activity  di was  calculatcd  from Eq. (6). The
value  of  vD  was  obtained  from  Eq, (10) for a
given ip value,  When  vn was  obtained,

another  surface  concentration  referred  to as

CsBt was  computed  fbr a  given mf  value  from
Eq, (l6). Then  a  comparison  between  CsBi
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and  Cse.s. . w. as. pa.ade. tq Tdre.req-m. ..rmine, .. w. )), ether  the

assumed  value  was  adequate,  If a' good
agreement  was  seen  upon  compqrison,  the

assumed  value  CsRi off1:red  a  good  estimate

for the  surface  concentration,;  otherwise,  a

new  value  fbr CkR, was  assumed  and  the

computation  was  repeated  until  Csm  agreed

with  CsRi satisfactoril>r.

               '

        Results  and  Discussion 
'

                 tt

  Theeretical analysis  fbr  effectiveness

factQr. CQnsider. a  specSal  case  where

enzyme  deactivatien does not  take  place.
In such  a  situation,  ,fhe eflbctiveness  factor,
vD,, is used  to characterize  a  pore diffusion

process without  film resiwance,  and  the

eflbctiveness  factor, vDfe, can  be used  to

quantify the overall  transfer  process'including
the  pore and  film diffusion resistances  simul-

taneously.

  ELfiiict ofdi and  de  on  ?De vDo was  calculated

from  Eq. (lO) for various  ip and  aa  undcr  the

conclition  ip==1. In Fig. 2, vpe was  plotted
against  ¢  with  ae  as  a  parameter. The
enzyme  particles having high actlvity  tend

to have low  vDe, while  ones  with  low activity
tend  te have high voe.
  ELfilect of di and  mf  on  ?Dro Estimmting
surface  cencentration,  rpDf, was  calculated

from Eq. (15) in which  ?D  was  replaoed  by
vDo. With  varying  di and  mr,  the  calculation

of  vDJe was  carried  out.  In Fig. 3, ?Ds, was

pletted against  mr  with  various  values  of  ip
as  a pararneter. Obviously, in the large O
region,  vpte changes  little as  mr  varies;  while

 s.o

 a7ea5"

Reaction Ratc  of  Immobilized  Enzymc

   aT
    QI Qs  a7  Lo so  zo  no

               "'gff,G.th
Fig. 2. Efftctiveness factor nDe as  function ofThiele
   modulus  and  dimensionless Micltae!is constant.
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o"

 

    
 al

443

     a!  asaT  Lo sozo  lpo

                     R  P;"
                 

nvnTt

 Fig. 3, Overall effbctivtness  factor vDt-  as  fimction
    ofmoduli  e and  mr.
               '

in the small  ip region,  vDfo decreases with

increasing mr.  It is suggested  that  film
diffUsion resistance  plays an  important role

in the  overall  transfer process as  pore
resistance  is weak.  In the  case  ofstrong  pore
resistance  (large particle), the  change  of

opDte was  not  very  noticeable  even  at  large mr.

  Commonly  as  an  enzyme  is deactivated
with  time  in a  continuous  process, opp and

vDf  decrease. The  behavior of  vD and  vDr
during the process time  wi11 be elucidated

below.

  Vdriatien of?D Lvitk  Precess time Figure 4
represents  the  eflect  of  particle radius  on  the
varlation  of  vD  against  process time.  Here,
the  process time  is represented  by a
dimensionless term, kxt. For a  large particle

t.o

  Q5"ss

    ao
      QO  1.0 2P

                 kir･f

Fig. 4. Efflect of  the modulus  di on  the  change  in the
   eHbctiveness  factor vD.
   Cao=5,15M,  kr==2,58× 10L" llhr.

NII-Electronic  
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(largo- Q),･vD shows  a  low yalue chpnges

little with  time,  while  foti'a small  partidle, Tp

has a  hlgh value  and  decreases rapidly,  with

time,  Hence, for ,a large parti¢ le, the

decrea.sE of  reaction  rate  due to  deactivation

is partly compensated  for-by a  relatively

slow  decrease of  vD. Thus, it is apparent

why  the. overall  reaction  rate  changes  
'slowly

in this case.  For  a  small  particle, since  vD

was'  iriitially near.  .1,O because  of  a  small  di

(O.1-O.5), even･11,smaJl  decrease in mVip

causes  a  big decrease of  opD. Thus, the
overall  reaction  rate  decreases substantially

as  the  enzyme  is deactivated.

  Vdriation of vDr with  the Precess ,tinze The
fiow chart  shown  in Fig. 5 is a  procedure fbr

calculating  vDf during the  process time.

The  parameters, Km, V;, ip and  mr  wcre

calculated  using  the  kinetic constants  deter-
mined  from  the  expcrimental  data. By

means  of  the  .previously described method

for estimation  of  the  surface  concentration,  a

proper surface  concentration  was  attained.

Then  the  value  of  ?Dx was  calculated  from Eq.

(15) at  smal!  time  intervals until  the  required

Dats  

'requtTpd

CalculataCtvE

 bullp eona..

Calcdlate'Assume

 corte.  av  svrfgae

Calculate

Calculate

Calculate

Campate

Calculate

CHEN, StrGA, and  TAGvcHi

h,,tz,fu.L{2?.-(b.Ilat-CL
      J
   Kin,vh,qe

     Gs
    
     

     

     
     
     

     

     

     
     
     

     
     

     

      END

         f during theFig. 5. Estimation of  the  value  of  vD
         '
   proccss  tlmc.  ･

1.0

     
  O.5Ng

 

     

[J. Ferment. Technol.,

      O l.O 2.0

                  kv･t

 Fig. 6, Effbct of  the  moduli  di and  mf  on  the  change

   in overall  effectiveness  factor vDf.
   CAo==5,15M, kf==2.5BxlOTtthr.
       ¢ --es,  ---  ip==1.o.

time  range  is covered.  The  computed  results

are  presented in Fig. 6, which  shows  how
the moduli  e and  mr  exerted  an  eflect  on  v)r

as  the process time  elapsed.  In the  small  mt

region  where  the  film resistance  was  smatli  Q
has a  strong  influence on  the  variation  of  opDr;

in contrast,  in the large mf  region,  the

diflbrence between the  vDf  value  for a  large di
and  that  forasmall  di was  negligible.  In

addition,  the  change  of  vDf with  time  became

gradual. It is indicated that  in such  a

situation,  the  film diflUsion resistance  is

domlnant in the overall  transport  process.
'
 Analysis of  expemiental  data  De-

tcrmination  of  the  kinetic and  physical
constants  of  glucose isomerization with  im-

mobilized  cells  is now  described.

  Ertimation of- kinetic constants  The

maximum  rate  of  forward and  reversc

reactions  and  their Michaelis-Menten
constants  for various  temperatures  were

estimated  from  Lineweaver-Burk  plots of  the

data obtained  with  preheated  cells. The
results  are  listed in Table  1. The  temper-

atute  dependence of  the  maximum  reaction

rate  and  the  Michaelis-Menten constants  are

shown  by  Arrhenius-type plots in Figs. 7

and  8, The  glticose concentration  wag  varied

over  the  range  of  O.50 M  to 5.15 M  and  no

marked  change  in the  values  of  these  con-
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     Table 1.

            Reaction Rate  of  Irnmebilized Enzymc

Kinetic constants  of  glucose isomerization by preheated  cclls  at  various  temperatures.

"5

Kineticconstants 60ec 6sec 70ec 7sec sb"c

VrL-tVb'KAKBKL,K.(molthr･g cell)

(molfhr･g ccll)

(rnoliml)
(mollml)
(-)
(molthr･g cell)

(mollml)

4.07× lo-x
3.71× 10-s

L73 × lo-s
1.8exlO-`

1.151.651.47

× lo-t

5.56 × 10-S

4.85xlo-s

1.61× 10-,

l.70xlO-.
1.221.811.18

× 10-t

7.53× 10-S
6.29× 1O-,

1.50xlO-l
1.62× 10-s

1.292,049.91

 ×  10-S

1.01x10-1

8.09 × 10-s

1.41× 1O-,

1.53× lo-i

1.36 
'2.338.52

 × IO-:

1.34 × 10-1

1.03× 10-i
1.33× lo-s

1.45 × 10-t
1.432.737.48

 × 1O-S

N-mos=taoasg

 zo'2
 5o)s-9's'

  LO
     ZB 29  3.0

                :l teK-Ijcxlo3}
Fig. 7. Temperature  dependence  ofthe  maximum

   reactlen  rates.

'-`'9IQOxx

 zot
 soE-ff･

f
   l.O

     a8  2.9 5.0

              :;(eK-1}.cxIo5)
Fig. 8. TemperatUre  dependcnce  of  the Michaelis
   constants.

stants  wcre  observed.  In the  experimental

conditions  the  magnitude  of  Km  is much

greater than  Css, thus, ? depends slightly  on

Css･

  Estimation of' etilective difusivity Da  A
simple  estimation  method  to get an  eflbctive

diflbsion coefflcient  for the  immobilized
enzyme  was  devised as  fo11ows. The  effect

of  film diflUsion was  eliminated  by using  a

mixing  type reactor  in the experiment.  The
value  of  vDe was  calculated  firom the  ratio  of

the  actual  reaction  rate  obtained  using  the
immobilized  cells  to the  ideal rate  based on

the  kinetics of  the  preheated  cells.  Then,
from the  profile presented in Fig. 2, a  value

of  O which  corresponds  to the  experimental

value  of  vDo was  obtained.  After 7in and

K-,  defined by  Eqs. (7) and  (5), were

calculated  from  the  kinetic data, and

estirnated  value  of  DA  was  obtained  from the

definition of  O. The  estimation  results  for
the  cases  of  high and  low substrate  concen-

trations  are  shown  in Table 2. The  effbctive

diffusion coeMcient,  Da,  measured  at  low
concentrations  of  glucos'e, was  abotit  40%  of

the  molecular  diffusivity ofglucose  and  abeut

60%  for the  high  concentration  value.  The
low  value  of  DA  -in thc  case  of  the  high con-
cen.tration  is considered  to result  from

Table  2.Estimation  ofeffective  diffUsion coeMcient.

Concentration
ofglucose  <M)R

 (cm)IUDOdiD4  (cm'lhr)ConCtintration
ofglueose(M)  

R(cm)npadiDA  (cm'lhr)

5.155.15 O.O!8O.046O.82O.50 O.62

 l.55average

1.47× lo-t

1.54xlO-:

1.50xlo-t

O.50O.50 O.O18 O,97 O.l8 l.72× 10-!

O.046 O,B6 O.50 1.50× 10-t

          average  1.62xlOLS
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increased viscosity.  The  viscosities  of.glucose

at  O.5 M  and  5.15 M  were  found' to be O.5 cp
and  26,1 cp  at  700C, respectively.",.Con-

sequently,  the  glucose solution  af  a  high

concentration  tends  to  have a  low value  of

opDo because of  the high value  of  e.'

  Estimation of'Yitm mass  tran£f}ir coefiict'ent,  kt

A  simple  method  of  cstimating  kn is shown

in Fig. 9. After opDfo was  calculated･  from
the  rat-io of  the actual  reaction  rate  of  the

immobilized' cells  in a  column'  reactor  to

the  ideal rate  based on  the kinetics of  the

preheated cells, a  value  of  ntf-corresponding  to

vDfo and  di was  obtai'ned  from Fig. 3. The
estimated  value  of  ki was  obtained  from the

definition ofmr  as  illustrated in Fig. 10, The

estimation  of  kz for R==O.Ol8 cm  and

R  ==O.046  cm  led te  values  of  O,33 cmlhr  and

O.27 cmlhr,  respectlvely,  The  value  of  kL
estimated  by  this method  was  compared  with

that  obtained  by  foIIowing the  McCune  type

correlatien")  for a  packed bed.

 (experimentan

      ig

Fig. 
'9.

 Estimatlon of  the exterhal  mass  transfer

   coeMcient.

  LO

 O,7oa5ctts

   aT
    o.1 o,s.a7 1.o
                    VlaR

                
mt=nct

Fig. 10. Estirnation ofkL.

        O R(cm)  nDfe

   (A) O.62 O.O18 O.67

   (B) 1.55 OD46  O.35

so  ro loo

mf  kn {criithr)
O.85 O.33
2,68 O,27

[J, Fenrient Technol,,

   Jl} ==  1.625 (Me)"- `e'  (I 6)
where

   .lb =  
kuL
 (pDPA, )M

        pud
   Me=  pt 

; Me<120  (17)

From  Eq.  (17), kL was  calculated  to  be
O.48 cmfhr  for a  small  particle and  O.30 cmfhr
for a  large particle. These values  of  kL
obtained  from Eq. (17) agree  well  with  the
value  predicted from the theoretical  analysis

ofthe-effeet･ivenessfacter.  - ---- .-

  lllstimatien of' dleactivatien cotgstqnt, kr/ A
continuous  stirred  tank  reactot'otimmob{Iized

cells  was  employed  for the  determinq-tien of

the deactivatigp''constant, since  for a  lbng-
tinle experi'me'nt the  preheated cells  .were
adsorb,ed  to the  membrane  of  the' Arpicon
re4ctor.  The  eflbctiveness  factor, vp. was

cali ulated  from  the  ratio  of  the experiiiJental
  /reaction.rate.toTthe

 ideal rate,･Qbtained  using

the kinetics of  the  preheated cells. Figure 1l
shows  the effei t'6f Particle size  on  the  change

of  eflbctiveness  factor with  process time.  It
can  be observed  that  the  reaction  ;ate  of

small  particles decreases more  rapidly  than

that  of  large particles. Now,  refet  back  to

Figl 4, where  nD is plotted against  kit with  
'the

1.0

  as8

     o
       O.' 

'
 5,O iO.O

                Tirne tdaysj
Fig. 11. Efllrct ofparticle  sizeon  enzymc  deactivation.

   Temperature=70eC,  flew rate=  27.8 mlthr,

   weight  of  enzymcz=O.3  g, glvcose concentration==

   O.5 M,
   (A) R==O.O18  cm,  (B) R=  O.046 cm,  (C) Rt=rO.125
   cm.
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1:e-N-.s-ees2'

     o.o so  tao  iso

               Tlme tdaysl

Fig. 12. Efiect eftemperature  on  the overall  reaction

   rate  of  immobilized  cnzyme  subject  to deactiVation,
   Weight ofenzyme==O.3  g, R==,O.G46 cm,  flow rate
   ==27.8  mlthr, glucose concentration;O.5  M.

   Numbers in figure indicates tempgrature  (OC).

radius  as  a  parameter; the  deactivation
constant,  kr, could  be estimat'ed  by fitting
the  curve  of  vD corresponding  to the  experi-

mental  reactlon  rate  (Fig. 11) to the  theore-

tical ?D  curve  for the specified  particle radius

(Fig, 4) by  means  of  the  least square  method.

Figure 12 shows  the  efflect of  temperature  gn
the deactivation of  the immobllized  enzyme.

A  high temperature  gives a.high  reaction  rate

initially, however, it also  gives a  high de-
activatien  rate  of  the  enzyme.  Similarly,

the  deactivation c6nstant  at  various  temper-

atures  was  estimated,  The  temperature

dependence of  the  deactivation constant  is
shown  in Fig. 13 as  an  Arrheniu$ type  plot.

2ao

n-o!ao'R

 ZQ=
 5PT.5.st'

     1.0
      28  2.9 3.0

             zl-teK-1)Cxlo5)
Fig. 13. Arrhenius type  plot ofthe  deaetivation
   censtant  of  enzymcs.

to

LSQ5

,IiF

     O 1coO Soo.O 
'500.0

               Tirne thr}
Fig. 14. Time  course  of  vDr  in a  differential type

   reactor.

   V;i'=2.04 (mollhr･g cell),  K.==O.099 (mol/ml),
   

'enzyme
 weight=  1,28g, glucose concentration==

   5.15 M,  fiow rate==:118.6  mllhr,  ternperature==

   6soc, R==O.O18cm,R==O.046.cm.

     vD  eDf  s6 m.

    (A) (B) O.62 O.B5
    (C) (D) 1,55 2.68

Simulation

  The  influence of  the  pore and  filrn re-

sistarices  on  the  overall  reaction  rate  during

the  operating  period was  verified  by experi-

ments  with  a high substrate  cencentration

of  5.15 M  in a  difibrential type  reactor.

The  variation･  of  nnf calculated  from expcri-

mental  data was  in good agreement  with  the

theoretica11y  calculated  values,  as  shown  ･in

Fig. 14. vD, calculated based on  the sunhce

concentration,  is expressed  by 'the broken
line. vpt of  the  small  partlcles decreases with
time  more  rapidly  compared  to that  of  the

large particles. A  significant  difference

bctween nb  and  opDr was  observed  in both
cases  according  to  the  strong  Mm  resistance.

Nomenclature

a : constant  defined in Eq. (10),-
Cs : glucese concentratioti,  mo!/rn1

CB : fructose concentratlon,  mollml

CAo : lnitial glucose concentration,  mel!ml

Cee : initial fructose concentration,  mol/ml
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()de

(]ee

CAsCdR

ct

Css

CsR

D4DaedE,

E,

JpKKa

K.

Kmkfk.

mmfMeRrra

ri

rt-,

Vh'

Vin'

CmN,  SuGA, and  T:AGuam

: glucose concentration  at equilibyium,

i
 mel/ml

1:
 :UoClltmlOSe 

COncentratioB,

 .i f .equilibrium,
,: glucose concentration  ln bulk, mol/ml
:

 EilXeC,O Eto:/:mnlCcntration 
af

 
parficie

 
sur.

: reduced  glucese concentration,  Cs==Ca

  
-CAt,

 rnol/Ipl  ･ 
.
 .':

 reduced  bulk concentrat'ion,  Css =Cts

'
 -(;tdt, mol/ml  

'

: reduced  surface  concentration,  Cse=

  C]aR-CAe, mol!ml.  ,
: pflective diffifiivity,' cmVh;  ･

: diffusivity, cm'for  .

: particle diameter, cm
: effectiveness  factor for zero-order  reac-

  tlon, 
-

: efli]ctiveness factor for first-order reac-
   -
  tlon, 

-

: (kLlu)(ptlpDA,)tis, ww

: equilibrium  constant,  
-

: Michaelis constant  for forward reaction,

  mollml

: Michaelis constant  for backward reac-

  tion, mollml

: constant  defined in Eq. (5), mollml

: deactivation constant  of  enzyme,  1 thr
: mass  transfer  coeMcient  in the  liquid

  film, cmfor

: constant  dcfined in Eq. (11), -

: film modulus,  P'inRIKntkL, 
'

: particle Reynolds  number,  pudtpt, -

: particle radius,  cm

:reaction  rate  based on  the  weight  of

  preheated cells, molthr･g  cell

 : reaction  rate  based  on  tlie volume  of

  immobilized cells, mol/hr･ml  gel
 : radial  direction distance, cm

 : time

 : maximum  reaction  rate  for forward

  reaction  based on  the  weight  of  pre-
  heated  cells,  mollhr･g  cell

 : maximum  reaction  rate  for backward
  reaction  based on  the  weight  of  pre-
  heated cells, mol/hrtg  cell

 : constant  defined in Eq. (5), mollhr,g

  cell

V;,,
 

:

 g2rstant 
defined

 
in
 
Eq･

 
(7),

 
mollhrml

u  :supedicial  velocity  (flow rate/reactor

     cross-sectional  area),  cm  fhr ..  'Grcek

 symbols

an  : constant,  Km/CsR, -

txs  .: congtant,  KmlCss,'-  -                                  '
B 

'
 ; film factQr, defined by Eq. (16),T

or 
';

 constant  defined in'.Bq. (ll), :-T.i･ .i;
vD  ; effectiveness  factor,defined by Eq. (10),

vpt : overall  effectiveness  factor defined by

      Eq. (12),-
pt : viscosity, g/cm-hr
P :density,  g/cm`
Q : Thiele medulus,  -

ip : activity  coeMcient,  -
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