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   A  hollow fibcr module,  an  artificial  kidney consisting  of  8,OOO fibers of  O.025 cm  in
diameter and  16 cm  in length, was  used  as  a  reactor  for hydrolysis ofsucrose.  In thc
tube  side  of  the reactor,  invcrtase was  encapsv]ated  and  rcactant  liqu{d with  disselved
sucrose  was  fed continuously  to  the  shell  side,  [[Ihe axial  dispersion coeMFient  of  the

reactant  fluid in the  shell  side  was  measured  by step  change  ofbluc-dextran  solution  to

correct  the  influence ofliquid  mixing  en  mass  transfer  ratc,  and  the  coeMcients  were

found to be neary  constant  irrespective offiuid  velocities.  The  value  of  the  Bedenstcin
number,  PeB, was  5,3. Also the  mass  transfer  resistance,  llK.. (min/cm) ofthe  sucrose

was  measured  and  was  correlated  by  the  fo11owing cquation  as  a  functien ofinterstitial
liquid velocity,  Z  (cmtmin),
    IIKi,=121.5+227.7Z-P･,

   Theoretical analysis  based on  the  axial  dispersion model  was  carried  out  to predict
thc degree of  conversion  in the  reactor,  Geod  agreement  was  obtained  between  the

predicted values  and  the  experimental  data,

  The  use  of  hollow fiber modules  for carry

out  enzyme  catalysed  reactions  has recently

been given considerable  attention.  Ronyi'
was  perhaps  the first to point out  the  many

advantages  of'encapsulating  enzymes  as  a

solution  in the  tube  side  of  a  hollow fiber
module,  He  provided relationships  for
calculating  the overall  eflectiveness  factor
which  accounted  for both internal and

external  diffUsion resistances.  These equations
for planar, cylindrical  and  spherical

membrane  systerns,  are  restricted  to first
order  kinetics. Fink  et  al.a)  proposed  a

general precedure for calculating  numerically

the  overall  eflectiveness  factors for Michaelis-
Menten  kinetics. Georgakis et at.S) considered
theoretically  the  design of  stirred  reactors

with  hollow fiber catalysts  for Michaelis-
Menten  kinetics and  recently  simulations  of

experimental  data  for a  similar  type  of

reacter  were  carried  out  by Kawasaki  et  ai.O

 -Another  fbrm of  hollow  fiber reactor  in
which  the  enzyme  

-is
 placed in the  sponge

film attached  to the  shell  side  of  the  tube

wal!s,  has been theoretically  analyzed  by
Waterland et  al.6)  and  Kim  et al.M

  Experimental  studies  involving hellow fiber
reactors  have been reported  by many

workers.r-i'i  However, the  effeets  of  the

axial  dispersion of  the  reactant  fluid and  the

mass  transfer resistances  frem shell  to tube

sides  on  the  degree of  conversion  in these

reactors  have  not  been thoroughly  investi-

gated, except  in the  theoreti ¢ al work  of

Webster and  Shuler.iS)

  In our  work,  the  axial  dispersiQn of  fluid
and  mass  transfer resistances  were  measured

and  later experimental  data obtained  from
the  hydrolysiS of  sucrose  by  inVertase were

simulated  uging  a  theoreti ¢ al model.

         Materials  and  Methods

 Hollow  fiber module  The hollow fiber module
(Model No. AHFK  K-1) used  was  an  artificial  kldney

produced  by Asahi Medical  Co., Ltd., Toyohashi,
Japan, and  contained  8,OOO fibers arranged  in a  con-
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figuration resembling  a  shcll-and-tube  heat exchanger.
The active  length, inside diameter and  outslde  diametcr
of  each  fiber were  16 cm,  O.26 mm  and  O.3 mm,  re-

spectively.  The  fibers were  madc  from  
"Cuprophane"

and  had  a  nominal  melecular  wcight  cut-off  of  23,Ooo.
A  bundle of  these  fibers was  fixed in a  shell,  4.46 cm  in
inside diameter.

 Enzyme  Concentrated  solutions  ef  yeast inver-
tase (M.W. 27,OOO'S') prepared  by British Drug
House,  Ltd., were  used  to cata!yze  the hydrolysis of

sucrose  into invert sugar.  Enzyme  cencentrations  in
thc  mixture are  expresscd  as  the volumc  of  original

enzymesolutionperI{ten  Theactivityofonemilliliter

of  the original  cnzyme  solution  was  6.47 units,  when

one  unit  was  defined as  the  quantity efenzyme  required

te invert the sucrose  ef1"mole  per minute  in a  sucrose

selution  ef  10 mgll  under  optimum  cond{tiens,  30eC,
pH  5.0. The rate  constant  of  the  enzyme,  used  for
calculations  in this work,  was  cletermincd by  Mukataka

and  Kobayashi.ii}

 Substtate First grade  sucrose  (Wako Phar-
rnaceutical  Co,,Japan)  was  dissolved in O.1 M  acetate

buffer (pH 5.0) at  a  concentrat;on  of  O.!17 M.
 Reactot  Thc  experimental  apparatus  is shown

schematically  in Fig. 1. The  shell  of  the  medule  was

fi11ed with  a  buffer solution  and  sealed.  Invertase in a
buffer solution  was  then  circulated  slowly  through  the

tubes  until  all  of  thc  tubes  were  filled and  no  bubbles
appeared  in thc  out!et  stream,  and  the  end  of  thc

bundle  was  sealed  with  rubber  caps.  The  module  was

irrunersed in a  water  bath  held at  30"C. The  seals  of

the shell  side  liquid were  then  opcned  to permit thc

bufftred substrate  solution  to flow. The  substrate

reservoir  was  also maintained  at  30"a  in the  watcr

v

ng

Fig. I. Schematic  diagram  ofexperimental  apparatus.

   H:  Head  tank  K: Heat exchanger
   M;  Orifice meter  R: Membrane  reactor

   T:  Substrate storage  tank  V:  valve

W. Fcrment. Technol.,

bath  and  the solution  passed through  a  heat exchanger,
located before the  reactor.  Flew  rates  ofthe  substrate

solution  were  kept at  frem  11 to 80 ml per  minute.

The  concentratien  of  invert sugar  in the  outlet  stream

was  measured  by  the  Somogyi  methediS)  and  then  the

conversien  of  substrate  was  calculatcd,

 Measurernent  of  atial  dispersion coeMcient
A  methed  by  the  step-down  change  in tracer  concen-

tration  was  employed  for the  measurement  of  the  axial

dispersion coefficients.  Blue-dextran (M.W. 2xlOe)
which  had  no  diffUsivity through  the  membranes  of

thc  tubes  was  used  as  a  tracer. The  inlet tracer  con-

centrations  were  about  2 glt and  the specific  gravity of
the  tracer  solution  was  adjusted  to the  same  value  as

that of  tap  watcr  with ethanol.  [[tie tracer  solution

was  fiowcd through  the  shell  side  of  the  module  and

then  replaced  by  tap  water  at  given flow rates  frem
4,8 to 1 19.0 mllrnin.  Clonccntrations of  the traccr  were

measured  with  a photespectrometer at  630 nm.

 Measurernent  ef  mass  transfer  resistances

Mass  transfer  resistances  of  sucrose  from  tube  to shell

side  were  calculatcd  from the experimental  data
obtained  at  300C  and  pH  5,O, A  buflbred O.II7 M
sucrose  solution  was  flewed through  the  tube  side  of

the  module  at fiow rates  from 2e to 90 mlfmin, Also,
a  buffltred O.117 M  maltese  solution  which  had  the

same  osmotic  pressure as  the  sucrose  solution  was

flowcd through  the  shell  side  at  fiow rates  frorn 6 to

10e mltmin  in a  countercurrent  direction from  that  of

tbe  tube  side  flow.

 Maltosc concentrations  were  measured  by  the

Somogyi  method,  The  sucrose  contained  in the

outlet solution  was  perfectly hydrolyzed by  the invertase

and  then  its concentration  was  calculated  from the

increment ofrcducing  sugar,  measured  by the Somogyi
method.

Theoretical  Analysis ef

Reactor  Performance

 The  degree Qf  conversion  in an  irnmobilized
enzyme  reactor  has been analyzed  theore-
tically by taking  into account  the axial

dispersion and  mass  transfer  resistance  by
Kobayashi  and  MoQYoung.i")  Their
analytical  method  can  be applied  for the

analysis  of  the  performance of  a  hollow fiber
enzyme  reactor.

  Censider the  performance of  a  hollow
fiber reactor  under  steady  state  conditions.

According to  Mukataka  and  Kobayashi,i"
the  apparent  Michaelis-Menten  equation

for enzyme  kinetics, Eq. (1), can  be applied
to sucrose  hydrolysis by  invertase.
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rt==K,.+-a-

where

kr-
'k

Hollow Fiber Enzyrrrc Reactor

(1)

  1'KmfK)-Km/Ke

==1.19 × 10'exp(-4.53 × 10'/T) (2)
and

   K"' ll+K"Cli/i!fZKIIIEi`fl/illi: Cte+i7 (3)

  The  idealized concentration  profiles of

substrates  (radial cross  section)  is shown  in
Fig. 2. The  material  balance for the substrate

gives the  fo11owing diflbrential equation.

   Da(d'CtldtS)-vt(dCs/dl)

      -(Kesa/e,)(C,-C,")==O  (4)
According to Danckwerts,'"J b6undary condi-

tlons are

   a-(Da/vs)(daldt)=ae  ; at  l= O (5)
and

       dCsldl==O ;atl==L  (6)
where  Cte refers  to  the  substrate  concen-

tration  at  the  inlet.

  Under  steady  state  conditions,  the maFs

transfer  rate  will  be equal  to  the  reaction

rate,  1.e.:

 Keia(Ct-a')=ErFt[k'CleC,"1(K.'+a')]

                               (7)
where  Er is the effbctiveness  factor.Si)

  From  Eq. (7), the  dimensionless concen-

tration  of  the  substratc  at  the  inside surface  of

the  tube  is given by the  fo11owing equation.

   y*=e{y-tha-B

       +V(Y-Era-P)'+4BY}  (8)

'8

o
 o･Fig.

 2.

x
･M'tiinbraneLiquid''titrn

/ -Cs

'

cX,'Bulkfturd

        t ",p

Concentration prDfiIe of  substrate.

                               433

Thus,. Eq., (4) .can be rewritten  as  follows in
dimensionless form

  (11PbB)(dSY/dZ,)-dY/dZ-(Mi/2){Y
   ÷ Era+a-V(Y-E,cF-B)S+4PV}--O

              ., , . (9)              tt

witti  the  boundary conditions;  

'
 ･

   
･V-(1'/PaB)(dnydZ)==1

 ; at  Z=O  (10)
      dY/dZ=:=.O ,, latZ-=I .(11)

Solutions to Eq. (9) can  only  6E obtalned  by
numerical  rneans.

  When  the Bodenstein number  (PeB) is
infinity, i.e., a  plug  flow reactor  is employed,
Eq. (9) is reduced  to

   dY!dZ==-(Jl7]2){Y+Era+B

          -V(Y-Exa=B)i+4BY}  (12)
with  the  fbllowing boundary condition;

   Y==1;at  Z=e,  (13)
The  solution  of  Eq. (12) is given by Eq. (l4)
fbr a  constant  value  of  Er.

  -2EraW;k-1+A  ln Y}+Ci

    ± B ln 2 K+B ±Ci +A  ln v}' ll", I: Ii Ccl 
i

    -{D ±Bln2               1+B ±D

   +A  in {l±: !Iflll'                   }
where

   Y==L;  at  Zi=I,

   A= ±Era+e,  B=S-LEra,

   Ct ==VY.x+2Bk+As  ,

      and  D==Vl+2B+A'

  The  outlet  dimensienless
the  substrate  (L) can  be
trial-and-error  method  from Eq.

(14)

                      concentration  of

                       obtained  by a

                          (14).

       Results and  Discussi"on

  Axial ttispersien  coetlicients  From
van  der Laan,SS: the  relationship  between
PeB  and  the variance,  3', of  the  residence

times  is given by the  fo11owing equation.

   3'==p;B-[PeB-l+exp(-PeB)]  (I5)

where  3' is defined by  Eq.  (16)

   tra=-2J:eR(ip)ddi-1 (16)
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Fig. 3. Respons ¢  to step  change  of  trac ¢ r in shell  sicle

   liquid.

   Liquid flew rate  (ml1min) ; 4.8 (O), 1 1 .0  (A), ".O
   co), ng.o a).

A  constant  value  of  PeB, 5.3, was  obtained

from  Eq. (l5), in which  values  of  tr" were
calculated  graphically frera Eq. (16) by a

trial-and-error  method.  The  theoretical

solution  of  residence  time  distribution based
on  a  dispersion model  has been given by
Yagi  and  Miyauchi.ti}

  The  residence  time  disuibution curve  is
shown  in Fig. 3, being represented  by a

single  curve  in dimentionless form for various
liquid flow rates.

  Also, the  theQretical  values  for the  di$-

persion model  (PeB=:5.3), piston flow and

perfect mixing  are  plotted in the  figure.
Agreement  between the  experimental  values

and  those  for the  axial  dispersien model  is

quite goed. These results  also  show  that

the  mixing  characteristies  of  fluids are  ap-

proximated by the  dispersion model  and  that

PeB  is nearly  constant,  regardless  of  the  fluid
velocity  in the  reactor.  Also, it is very

interesting that the value  of  PeB, 5,3, is very
close  to that of  the shell-and-tube  heat
exchanger,  PeB==8.")

  Masstransferresistances  Whenshell
side  and  tube  side  liquids flow against  each

other,  the  mass  transfer  resistance  from the

tube  side  to the  shell side  is dividecl into three
terms,  i.e., that  of  the  fiber film (llk,A,),
the  shell  side  liquid film (lfkL,At) and  the

tube  side  liquid film (11kLtAt).
  The  over-all  mass  transfer  resistance

(11KovAe.) is given by  Eq. (17).
   1fkvAev==1lkitA,+1fktA,+1/kttAt  (17)

                    [J- Ferment･ Technol.,

Also, one  can  assume  the  following relation-
ship  for mass  transfer area,  because the

thickness  of  the  liquid Mm  and  of  hollow
fiber membrane  is very  small.

   Aev=A,==Ar=At  (l8)
Accordingly, mass  transfer  resistances  are

given by the  following equhtion.

   1/Kev=1/kti+lfkf+1/kLt (19)
In this experiment,  the  tube  side  liquids were

passed through  the  reactor  in Iaminar  fiow,
since  the  Reynolds numb ¢ rs were  smaller

than  3. Therefore, kLt oan  be calculated

byLeveque's  equation'`}  given by  Eq. (20).
  (kLt!vt)(Se"')== 1.61(Re)""(Lld)`"'i (20)
By  using  the  value  of  the  diffusion coeMcient
of  sticrese,  5.6× 10'e cm'Xsec,  published in the
literature,'e] the  values  ofkLt  were  calculated

for various  values  ofvt  as  shown  in Fig. 4.

  Concerning the  shell  side  liquid film

resistances,  the  fo11owing Eq. (21) is
assumcd  to be applicable  from thc  correlation

of  liquid film heat transfer  coeMcients  of

shell-and-tube  heat exchangers"'  by applying

the  analogy  between  heat and  mass  trarisfer.

   kLt oc  v"'"  (21)
When  the  mixing  characteristics  of  the  shell

side  liquid are  approximated  by the  dis-

persion model,  and  the  shell  side  and  tube

side  liquids flow against  each  other,  the

fo11owing equations  are  derived from the

material  balance under  steady  state  cen-

ditions by neglecting  the  forefiow section  in

the  laminar flow region'e)  and  the  eflhcts

of  the  ends  of  thc  tubes,M  since  L!d>600.

   100
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                 .Vt
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Fig.4. EfThct of  tubeside  interstitial velocity  en  tube

   sidc  liquid film reslstance,  based en  Leveque's

   equation,  Eq. (20).
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 Da(d'Clt/dt')-vt(dasldl)

      -(Keva/et)(C"-at)==O,  (22)

   vt(datldl)+(K3.atet)(C},-a,)=O,

                              (23)
 Boundary  conditions;

   C}t-(Da/v`)(dC.t/dl)=ao (24)
   da,/dt--e, (25)
wherc  subscriptions  s and  t refer  to the shell

side  and  tube  side,  respectively.  The  above

simultaneous  diflhrential equations  (22) and

(23) were  solved  analytically  by Miyauchi
and  Vermeulente} and  Tadaki  and  Maeda.")
If one  assumes  that  the  substrate  concen-

trations  in the  tubes  at  the  inlet are  zero

and  those  in shell  side  are  ae,  the  analytical

solution  is given as  fo11ows.

  (gii)==2(pt,-pt,)(i-4S)ePt+"Y{(R-4SR
   +2#i)e"'-(R-4SZR+2lls)e-'
     -8S(lti-pts)e"t""'}  (26)
where

 s..V'e' ,
 R=2Kevalvb

     vtet

 ., =,  (PsB) +sR+  V{
'

(
'n,B"

)
-:'

 sRl 
'+

 (R.e,B...)R
and

Hollow  Fiber EnxyTne  Reactor

 ...(k,B)+sR+V((k,B)+sul'+(a3TB)R

By  applying  the  trial and  error  method,  one

can  deterrnine the values  of  Kev which  fit
Eq. (26) by using  the  experimental  values

of  the  outlet  concentration,  Cte. Then,

the mass  transfer resistance,  11KesAot, which

is necessary  for the  design of  reactors,  is

given as  fo11ows:

   1IKo,=1lk,+llkz,==111(lov-1/kLt (27)
By substituting  the values  of  Ke. from Eq.

(27) and  those  of  kllt from Eq. (20) into
Eq.  (27), values  of  1/Kei were  calculated

and  then  Wilson plots"} for l/Ko, against

vs"e･e are  tried in Fig. 5, Also, the values  of

1/kt which  were  calculated  assurning  piston
flow to apply  for both shell  and  tube  side

liquids arc  plotted in the  figure.

  The  values  of  lXKet which  were  calculated

taking  into account  fluid mixing  are  rather

small  comparing  with  those  calculated

."  

E$:,

 

E"

as

    

                ys-aS Ketrv7ntr"aS;

   Fig.5. Wils6nplot.

       o:{g,",Rre,i,dg::gF,bZ".i.O.W..d,i
       A:  Bothsides...pistonflow

without  considaring  liquid mixing,  and  are

correlated  by the  fo11owing equation:

   11Ket==121.5+227.7vt"O'S (28)
Therefore, the value  of  kf becomes I21.5
min/cm  from Eq. (28).
  Reactor  performance  Conversions
obtained  at  the  outlct  as  a  function of

residence  time  are  shown  in Fig. 6. Also
values  predicted by  Eq.  (14) for piston flow
and  by  Eq. (9) fbr the  dispersion model

are  pletted in the  figure. The  numerical

solution  of  Eq. (9) was  obtained  by a

quasilinearization method.ti)

1.0

 o.s:/So,sNgt

 O.4v

 O.2

    o
     O 2 4  S 8 10 IZ 14

                
'6

 inlnl

Fig. 6, Comparison  ofexperimental  data with  theoreti-

   cal  values.

   Enzyrne concentration  (mltl): 5 (E]), IO (A),
   Theoretical tialues: Piston flow ( ),
   Dispersien model,  ReB==:5.3 ( ).
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Table l. Effectivc"ess factor for enzyme,  tube  side  K,,
   configuration,

th[mlfq 5
'10

9･[g-mollij O.l17o O.ll7,o,

Ef  
'[T]'1.00O.988

O.994 O.963

  The  effectiveness  factor, Et, was  calculated

by using  an  appro,puimate  solution")  accprding

to  Roberts' analytical  method.`S)  Values of

Er/calculate.d for two  extrem6'  cas.es  of

substrate  concentration,  a==C,o (O.11'7 M)
and  Ct==O, -corresponding

 to  cach  enzyme

concentration,  (:v=5  4nd Cii==10 ml/t,  are

shown  in Tab!e I.

  To  simplify  the  calculation  of  Eqs. (9) and

(14), average  values  bf llr were  used,  although

they  varied  slightly  with  Ct. From  Fig, 6,
it is clear  that  prcdicted values  based on  the
axial  dispersion model  rather  than  those

using  the  piston flow model  agree  well  with

experimental  values  and  also  that  the

analytical  method  empleyed  here is usefu1.

            Nomenclature

AJ,A,,At:  mass  transfer  areas  of  fiber film,

     shel!  side  and  tube  side,  cm'

Aev : overall  mass  transfer  area,  cmS

a  : membrane  surface  area  per unit  vplume

     of  reactor,  cm-i

C)c : enzyme  concentration,  ml/t

a  : substrate  concentration,  g-molfl
C,*: substrate  concentration  at  inside surface

     oftube,  g-mol/t
Cte,ae: substrate  concentrations  at  exit  and

     iplet, g-mol/l
a,:substrate concentration  in shell  side,

     g-rnolfl
&e,&e:  tracer  concentrations  at  exit  and

     inlet, g/l
Da  : axial  dispersion coeMcient,  cm'/mi'n

D, : molecular  diflUsivity of  substrate,  cm'/
      .

    mm･

d : inside diameter of  tube,  cm

Er : effectiveness  factor, -

K), Kg, Knt : dissociation constants  ofcomplexes

    of  fructose-enzyme, glucose-enzyme  and

    sucrose-enzyme,  g!l

                     [J･ Ferment. Technol.,

    : mass  transfer coeMcient  defined by Eq.
        , cmlmin     (27)
Ket : overall  mass  transfer  coedicient  defined

     by Eq. (19), cm/min

k :rate  constant,  g/ml･min
kf : membrane  mass  transfer  coeracient,  cml

     min

kLt,kLt: liquid film mass  transfer  coefieients

     ofshell  side  and  tube  side]  cmlmin

L  : eflbctive  reactor  tube  length, cm
l :longitudinal  distance of  reactor  from
     inlet of  tube,  cm

PeB:  Bodenstein number  (==vsLIDa), -

Re : Reynolds number  (=2rospfpt), -

R(¢): residence  time  distribution function, -
r : radial  distance offiber,  cm

S, : Schmidt number  (=ptIPDs), -

T  :absolute  temperature,  
eK

vt,vt:  interstitial velocities  in shell  s{de  and

     tube side,  cmlmin

va : dimensionless parameter (=::KeiaL/etv,),

g  Y*, Ye: dimensionless' substrate  concentra-

     tions defined by Cti/Cte, a*ICto and

     Cte/CtpJ -

Z  : dimensionless longitudinal distance

     (=l!L), -

a  : dimensionless parameter (=k'CEe;IKot
     aae),  

-

S : dimensionless parameter (=K'nt!Cte), -

et,et:  volume  fractions of  shell  side  and  tube

    side  in reactor,  -

e :time,  min

e : mean  residence  time,  min

#  : viscosity  ofliquid,  g!cm･min
p : density ofliquid,  gfcm'
ua : variance,-

e : dimensionless time,  -
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