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   Centinuous inversion of  sucrese  by invertase immobilized  on  collagen  membranes

in semi-pilot  scale  reactors  was  investigated using  industria! feed strcams.  Several

cemmercially  available  invertase preparations were  evaluated.  The  highest activity

obtaincd  was  2,400 IU  per g of  collagen-invertasc  mernbrane.  In continuous  reactor

(capaclty 1.2 t) operation  performed at  a  temperature  of  550C using  1.52 M  sucrosc

solution  as  substrate,  the operational  halfilife of  the  catalyst  was  estimated  to be 1,870 hr,
At  lewer substrate  feed concentrations,  the reacter  operational  stabi.lity  was  even  better,

The  coler of the  precess stream  Temained  unchanged  during the inversion process.

Preduct qua]ity  compared  favorably to  acid  hydrolyzed invcrt sugar.  At high :eactor

rcsidence  times,  greater  than  90%  sucrose  conversion  could  be achieved  without  any

objectionable  color  formation.

   Kinetic data from  both  batch and  centinuous  reactors  {pdicate thc  presencc of  mass

transfer resistances  which  disguise the overall  reaction  kinetics. The  sucrose  concentra-

tion  at  which  substrate  inhibition is observed  ranged  frem  O.285 M  in the  case  of  the

soluble  enzyme  to O.564 M  in the casc  ef  the immobilized enzymc.  At  low substrate

concentrations,  sucrose  ･hydrolysis eould  be described by  Michaelis Menten  kinetics.

The  significance  of  the above  results  are  dibcussed with  respect  to  reactor  scale-up.

    Invert sugar  is the  hydrolysis product of  sucrose  and  is a  mixture  of  glucose, fructose,

and  unhydrolyzed  sucrose.  Sucrose inversion can  be effbcted  either  by acid  hydrolysis

or  enzymatically  using  the  enzyme  invertase (6-fructofuranosidase EC  3.2,I.26). Acid'
hydrolysis using  hydrochloric acid  at  pH  2 is the preferred commercial  process to produce
invert sugar  in the United States, while  enzymatic  conversion  is reported  to be practiced
by  a  few processors in Europe  and  Japan. Although  invertase is. a  relatively  inexpensive

enzyme,  its use  in the  free form necessitates  a  batch operation,  which  reduces  process
eMciencies.  Acid  hydrolysis is a  simple  process which  can  be carried  out  continuously  in
a  tubular  reactor  but the practical limit of  conversion  is about  65 to  70%.  Higher con-

versions  often  require  pre-treatment and  high reactor  residence  times  which  also  result  in
undesirable  side  reactions  and  excessive  color  formation in the  product  stream.  Enzymatic

hydrolysis, on  the  other  hand, leads to very  high conversions  (above 90%)  without  the

above  problems.
    The  development of  imrnebilized enzyme  technology  offbrs  an  alternate  means  of

continuous  processing. There  have  been  many  reports  in the literature on  the immo-

bilization of  invertase on  a  variety  of  carriers.i-D)  However,  most  of  these papers are

concerned  with  test conditions  which  do not  typify  commercial  process conditions,  i.e., low

substrate  concentration,  low operating  temperature,  etc.  In this report,  results  on  the
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perfbrmance of  continuQus  reactors  for sucrose  inversion are  discussed. The  work  was  a

joint eflbrt  between Amstar Corporatien's Research and  Development  Divisien and  Rutgers
University. The  Rutgers laboratory has cxpended  a  rather  extensive  research  effbrt  in
the  development of  reconstituted  collagen  as  a  carrier  matrix  for enzyme  and  whole  cell
immobilization and  these  results  have been summarized  recently.iOny'2)  Attachment  of

invertase to collagen  membranesiB,i4)  and  collagen-polyurethane  spongesi5)  have been
described previously. The  majer  purpose of  the  work  reported  here was  to examine  the
feasibility of  the imrnobilized enzyme  process for industrial operation,  and  to evaluate  the

potential of  reconstituted  collagen  as  a  carrier  for other  applications  as well.

Materials  and  Metheds

   Enzyme  Several commercially  available  invertase preparatjons were  eva}uatcd  in this study,  They
were  purchased from  Schwarz-Mann  Laboratories, New  York; Sigma Chemicals, St. Louis; G. D, Sear]e and
Co,, Chicago; and  Nutritional Biochemicals, C}eveland, Ohio. Specific activities  ofthes ¢  preparations assaycd
under  standard  conditions  (25eC, pH  5.0, and  an  initial sucrose  conccntration  of  O.285 M)  are  tabulated  in
Table  1. In additlon  to these preparations, whole  yeast cells  (SZvccharent7ces cerevisiae,  National Yeast Company)
were  a]se  immobilized on  colLagen.

   Substrate A  solution  ofcommercial  sucrose  (Domino Brand, Amstar  Corp., New  York> in city  water

was
 
used

 as  
the

 substrate  in all experiments.  Centinuous reactorstudies  were  carried  out  at  550C, with  pH
acljusted  to 5.0± O. 1, Standard  assays  in batch reactors  were  conducted  at  SO"C, unlcss  otherwise  indicated.

   Irnmobilization of  invertase  on  collagen  Invertase was  attached  to reconstituted  collagen  (kindly
supplied  by  the Eastern Regional  ReseaLrch Laboratories, U,  S. Departmcnt  ofAgriculture,  Philadelphia, Pa,)
by  either  impregmatlon of  the enzyme  on  to  pre-formed membranes  or  by direct comp]exation.  These pro-
cedures  have  been  described in detail elgewhere,i2) The  latter method,  vig. direct cQmplexation  was  the pre-
ferred method  uscd  in this work.  Briefly, 6g of  invertase were  added  to a  hidc collagen  dispersion containing

21 g (dry weight)  efcollagen.  The  pH  of  the  dispersion was  acljusted  to 4.3-4.5 with  dilute lactic acid.  The
enzyme-collagen  mixture  was  thoroughly  mixed,･deaerated  under  747 mm  Hg. of  vacuum  and  cast  on  a  Mylar
sheet  to form a membrane.  A  Gardner  knife was  used  to ensure  the  formation of  a  membrane  of  uniform

thickness. Following  air drying at  room  temperature  for about  24 hr, the mgmbrane  was  pcelecl off  the  Mylar
support  and  tanned  with  5%  glutaraldchyde solution  at  pH  4,O for I min, The  tanned  membrane  was

washed  thoroughly  in fresh watcr  for 1 hr and  again  air  dried.

   Spirally wound  collagen-invertase  reactors  Spirally wound  biocatalytic modules  have  proven
to be excellcnt  reactor  configurations  for the  use  of  collagen-enzyme  membrane  systerns.ii)  Collagen-invertase
rnembranes  were  alse  tested in a  spirally  wound  reactor.  The  desired amount  ofcollagen-invertase  membrane

was  Iayered on  Vexar  netting  (E. I. DuPont,  Buffalo, New  York) which  served  as  a  backing material.  It
separated  the successive  layers of  invertase-collagen membrane,  thus  preventing overlapping  of  the membrane
layers.

 A  stainless  steel  rod  was  used  as  a  central  corc  clemcnt.  A  spiral  reactor  configuration  was  formed  by
co{ling  alternate  layers of  the mernbrane  and  the backing around  the  central  spacer  element,  The  spiral

cartriclge  was  fitted into a  Plexiglass orjacketted  stainless  steel  outer  shell.  The  housing was  aMxcd  to two
thrcaded  Plexiglass or stainless  steel  end  plates provided with an  inlet and  outlet  for thc fiow of  the substrate  over

the membranc  surface.  A  uniform  axial  distribution of  the substrate  was  achieved  by metering  the flow through
a  distrubutor platc containing  a  numbcr  ofO,5  mm  diame;er holes.

   Assay of  immobilized invertase  Catalytic activities  of  collagen-invertase  membranes  were  rapidly

dcterrnined by testing them  in a  stirred  batch reactor,  provided with  tcrnperature  contro!,  l to 2gof  membr-

anc,  cut  into small  chips,  was  used  in a  reactor  volume  of  25-50 m!,  at  30eC  and  pH  5.0. The  initial substrate

concentration  was  O.285 M.  Glucose formed by the inversion reaction  was  determined by the Glucostat
methodi6)

 using  Glucostat Special reagent  (Worthington Biochcrnicals, Freehold, N.J.), One  m!  sample  of

this  reaction  mixture  was  removed  and  placed in a  test tubc  immersed  in a  l10-1150C  oil bath for 1 rnin.
Thc  samples  were  then  refrigerated  until  assayed  foT glucosc. Alternatively, the catalytic  activity  was  measured

by  the Lane-Eynon  volumetric  methodi7)  for the determination of  reducing  sugars.  There was  a  verv  goed
correlation  between  the  results  obtained  by  these  two  assay  procedures,

   Amount  of  enzyme  bound  to  collagen  The proteinaceeus nature  of  the carrier  material,  collagen,
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Fig, 1. PIM)tograph of the eecperirpenpt  imobilized enzya}q  rpagt(lr  ustit..
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thc

 cornrnon  rncthods  {}f eniyme  determibation irtapplicabie. Thertfbre,･ a  Fultable 
'method

had  to be devised which'  would  distinguith betwee'n the enzlrrne protein and  the csLnier protein. ma  was

ammplislred  by tahing  advatitage  of thc  fact that  invertase contains  tryptophan, while  c(illagen does not.  TIie
methocl  ofBlacl[bumtS)  for tryptophan determination was  suitabiy  rnodifieci  to estiurate  the tryptophan content
ofoollagentneyirre mmbranes.  This prooedure has becn described in detai1 elservhert,i,)
   Ce  rtinnous  sucrose  inverrien  Different ruactor  oolumns  were  used  for the ¢ Qritinuous  inversien of
suctose.  Ehe experiarental  sct up  is shown  in Fig. I. Ilre suerese  fbecl solution,  (d(mtaining O.1% metiryl
paraben as  a  bacteriostat when  substrate  selutions  werc  dilute and  at  roorn  ternperatust)  was  prcpa:ed c!aily  and

stored  in a  staialess  steel  tan]t equipped  with  a  swecp  agitator. A  constant  hcad was  mairitained  in an･intcr-
mediatc  crverflow  pot (supplio[l with  a  ptristalic purnp  for recirculation)  which  served  as the  co1umn  f6ed vessel.
A  positive displaeement Moyno  pump  was  used  to suTnyply feed material  to the colunm.  In  e)tperiments  w!Eeit

the ?1ectiglass column  mi  ernpleyed,  thc f6ed matcria1  was  prcheabed in the co1um  delivery lines and  tht

column  was  insulatecl, Wh=n  the stainless  steel column  was  .used, a  constant  supply  of  thermostatically;

oontro}led  bot water  at  thc  operating  tmpcratutc  was  recirculated  through  thejacket  [[hc systern  was  equip-

ped  with thermomcters,  pressure gaugcs and  rdiefva!ves  where  necessary  and  all  f6ecS and  product lines were
made  ofstain!ess  steel. An  autamatic  sampler  was  cormec  tDd to the  colurrtti efflueiit line which  sampled  tihc

product at  ulected time  intervals.

N
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Results and  Discussion

'

    Comparison  of  the  catalytic  activities  of  diffbrent collagen-invertase  prep-
arations  Several commercially  availablc  invertase preparations were  evaluated  as

potential enzyme  sources  for immobilization. The  catalytic  activities  of  the  free enzymes
and  the  corresponding  immobilized enzymes  are  compared  in Table  1. The  least expensive
enzyme  was  Fermvertase supplied  by Searle Biochemics; however, the specific  activity  of

this enzyrne  was  too  ldw. In addition,  this preparation contained  a  rather  high preteolytic
activity  as  evidenced  by the  required  mechanical'strengthening  of  the  carrier  membrane

prior to imrnobilization. (This was  accomplished  by tanning  collagen  membrane  with

O.5%  glutaralclehyde solution  for 1min  prior to immobilization). Of  all  invertase

preparations tested, the  best specific  activity  was  obtained  with  the  one  purchased from
Nutritional Biochemicals; this preparation was  used  for reactor  stabjlity  tests. Diffl:rent
levels of  glutaraldehyde tanning  (aldehyde concentration  and  time  of  contact)  were

examined.  The  best conditions  were  found to  be a  combination  of5%  glutaraldehyde and
1min  contact  time,  Reactor colurnns  were  successfully  tanned  in situ  by pumping
g]utaraldehyde solution  through  the pre-forMed cartridge  at  suMciently  high fiow rates  to

achieve  a  reactor  residence  time  of1min.  The  implications of  this procedure  to  reactor

scale-up  are  obvious.

    Whole  celh  of  commercially  available  yeast (Saecharom.vces cerevisias)  were  also  immo-

bilized on  collagen  membranes  by the  method  of  dire'ct macromolecular  complexat{on.")

A  stable  activity  of  73 IU/g complex  was  obtained.  Since whole  cells  might  present an
addition,al  transport  resistance  to substrate  and  product  diffUsion, the  observed  activity

under  the  test conditions  employed  may  not  be the  true  activity  of  the  preparation.

    Continuous  reactor  studies  Several runs  were  made  on  reactors  I and  II at

difl}irentinitial substrate  concentrations  and  fiow rates.  Data  from these  runs  are  presented
in Tables  2 and  3. Cenversion levels in. excess  of90%  could  be achieved  when  sucrose  was

fed to the column  at  lew concentrations  (<O,3 M)  at  reactor  residence  times  of8  to 12 min.
At higher substrate  feed concentrations,  the  steady  state  copversion  levels decrease at

comparable  reactor  residence  times.

    The  other  objectives  in making  these runs  were  to examine  the  quality of  the final

Table l. Comparison  of  the  catalytic  activities  ofdifferent  collagen-invertase  preparations.

Enzyme  source
 Free enzyme

specific  activity

(IUimg protein)

Schwarz-Mann  Laboratories

Sigma  Chemicals

Searle Blochemicsb) (Fermvcrtase)
Nutritional Biochemicals

Yeast whole  cells

 Enzyme  loading
 (g invertase per
g  collagen-invertase

   membrane)

     O. 20

     O. 20

     O. 071

     O. 20

     O. 25

  Expressed
  activitya}

(IU/gcatalyst)

  toe

  170

   on

  42026,

 [Kpe,

 550

 863

  1702,4oo

  73

Apparent  spccific

   actlvlty

 (IUfg enzyme)

    2,750

    4,S15

    2,430

    12, OOO

      292e)

"'
 Observed  activity  based on  a  batch assay.  Act{vity expressed  is on  the  basis of  1 g of  catalyst,

  i. e., collagen  and  enzyme.

b'
 Prepared by  impregnation of  the enzyme  on  to prc-formed collagen  membrane  ; all other  membra-

  nes  were  prepaTed by  the rnethod  of  macromolecular  complexation.

c)
 IUtg Yeast whole  cel!s.
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Table 2.Continuous  sucresetnverslonat  low (<O,3 M)feed concentrations  (Reacter I),

Feedconcentratlon
 (M)

Flow  rate

(mltm{n)Residenee
 time

   (min)
Conversion
  (%)

O. 285O.

 285O.
 285O.196O.I96O.196O.I96O.

 098O.
 098O.

 098

720

 72
 23720210

 77
 17720210

 74

 O. 875

 8. 7527.4

 O. 875

 3.0
 8.237O.

 875

 3.0

 8.5

42.093.796.

 84B.
 O83.692.

 797.

 753.
 585.

 795r

 2

Details of  Reactor I: Plexiglass censtruction;  inner  diameter,  4.45cm;  length,
76.2cm;  tDta1  volume,  l.181; void  volume,  O.63l; rnembrane  surface,  3.03m2;
total catalyst,  10eg; membrane  thickness, O.1 mm.
All runs  were  made  at  27-28eC.

product and  to determine which  microbiological  problem might  be encountered,  if any.
Substrate and  product  stream  color  data are  tabulated  in Table 4. In contrast  to acid

hydrolysis, sucrose  inversion catalyzed  by the  immobilized enzyme  does not  lead to any

color  formation during the  reaction;  actually,  in some  instances a  reduction  in substrate
color  has been  experienced,  This is indeed an  additional  favorable feature since  decolori-
zation  requirements  subsequent  te the inversion process would  be simplified.  Mechanisms
responsible  fbr the decreased presence of  color  bodies in the final product are  not  clear.

Table 3,Continuoussucroseinversion  at  high fecd concentrations  (Reactor II),

RunNo.Solids
 (%)

   Feed       -
concentratlon

   (M)
Residence time

   (min)
Conversion
  (%)

12345678910ll12IS141510.210.221.121.32L530.

 440.

 651.221.45LO5L621.250.950.

 52L8

O.310O.310O.

 670O.

 675O.

 684l.

 O041.4031.851O.

 6801.842J.

 868O.

 639l.837L819O.

 670

IL3IL311.3IL3IL3IL3IL3IL3IL32L5

 B.1

 8.1

 5.6

 4.2IL3

95.692.
 674.

 383.

 283.769.

 553.

 334.

 0so.

 o5S.

 927.

 I71.I20.

 5l7.073.

 3

constructional details for ReaEtQr II are  the  same  as thEtuao?IR/IilorIexcept
for void  volume,  which  was  O.85i for Reactot II.
Runs  1 through  3 were  at  30"C; the rest  of  the runs  werc  at  45-50eC,
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Table 4. Color of  substrate  and  product strearns.

RunNo.a}
Approximate
   solids

   (%)

Color comparator  unitsb)

Inlet Outlet

345678910lll213142020203040so20sose20soso786637so6776248713672525959563742657239851235252so

a}
 Run  numbers  correspond  to those  cited  in Table 3.

b)
 Color comparator  unit:  A  unit  of  color  measurement  in which  absorption  of

  visible  racliation  determined spectrophotometrically  is expressed  in terms  of

  arbitrary  color  units  in common  company  use.

  A higher value  of  thc color  comparator  unit  correspends  to a  higher color

  intensity, and  vice  versa.

Sugar solutions  are  known  to undergo  complex  (non-enzymatic) reactiQns  some  of  which

might  lead to the  formation of  colored  products. The  relatively  mild  conditions  and  small

reactor  residence  times  employed  for the  immobilized  enzyme  system  apparently  minimize

these  side  reactions.  Product quality with  respect  to taste and  Qdor  was  also  found to  be
satisfactory.  . .

    When  operated  at  temperatures above  450C at  solid  concentrations  above  1 M,  there

were  no  problems  with  respect  to microbial  growth in the  reactor.  Apparcntly, this

temperature-concentration  cembination  is suMcient  to inhibit any  significant  microbial

proliferation. For operation  at lower temperature,  O.1%  methyl  paraben  was  added  to
the substrate  feed and  microbial  contamination  was  e{Il]ctively  eliminated.  When  not  in
use,  the  columns  were  stored  under  dry conditions  in the refrigerator.

    Another  variable  monitored  in these runs  was  the  pressure drop across  the reactor

column.  In all  cases,  the pressure drop was  less than  O.07 kg/cm4. The  low  pressure drop
is attributable  to the  spirally wound  reactor  configuration  which  minimizes  pressure drop
by  routing  the  substrate  through  a  number  of  narrow  fiow channels  of  essential]y  equal

hvdraulic resistance.2o}

 
`
 Operational stability  Cellagen-invertase reactors  were  operated  continuously

with  a  constant  feed concentration  and  flow rate  in order  to  investigate the operational

stability  ofcollagen-enzyrne  mernbranes.  When  operated  with  a  feed sucrose  concentration

of  O.285 M,  no  significant  decrease in activity  was  observed  over  a  period of  7 days. At
a  reactor  residence  timc  of  23 min,  the steady  state  conversion  was  90%  in this  case.

    Operatiena! stability  data for reactors  II and  III are  shown  in Fig. 2. In thcse  cases,

the reactors  operated  at  550C with  a  feed concentration  of  1.52 to  1.55M.  Assuming
that  the  decrease in catalytic  activity  is exponential  with  time,  the  operational  ha]fllife of

the catalyst  can  be estimated.  Linear regression  of  reactor  operating  data (Fig. 2) yields
catalyst  halfilife of  1870  and  1050hr  for reactors  II and  III respectiveiy.  Presented in
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                  Fig. 2. 0perational stability  of  collagen-invertase  teactors.

                     
7D-

 Reactor II

                     -O-  Reactor III

Table 5 are  actual  operating  data obtained  using  reactor  III. These data show  fiuctuations
in reactor  operating  temperature,  feed concentration  and  flow rate.  Reactor  operation
         '
                              '
          Tablc 5, Decay  ofenzyme  activity  during continuous  opcration  (Reactor III). '

 Onstream

 (hr)

   Feed
concentrat]on

   (M)

Tempcrature
   (oC)

Feed  rate

(mllmin)

 Sucrose
processed
  (kg)Conversion  (%>

 22sc118l46l70190219238292

319367464488510530

l.891.93L911.

 901.901.901.871.891.

 92

L  941.

 94!.801.921.97l.97

 54 52.5

 53 53.5

           48.0

           50.0

 52 50.0

 53 51.0

 52  51.5

 53 52.5

 53 so.O
Column  reMgcrated

 52 50.0

 M  50.0

 M  5!.O

 55 

'
 52.5

 .55 50.0

 53 4S.O

 461982"2983453M441480587

631

 726816924I0381090

Reaclor details: stainl/tss-1:te'el jacketted constructi6Ii/;-innc-t  

-d-itam-eter,

}ength, 76.2cm;  total volume,  1.541; void  volume,  1L
Other  details are  the  same  as  those  for Reactor I.

84.462.664.･855.449.848.244.

 145.

 549.2

44.442.942.841.r37.64L85.lcm;
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Fig. 3, Variation of  reaction  rate  with  substrate  concentration.

was  interrupted, as  indicated, simulating  the type  of  operating  schedule  typically en-

countered  in industrial  practice. During these  periods, the  reacter  was  stored  in a  reftige-

rator.  In 530 hr of  total operation,  the  reactor  processed about  1,IOOkg of  sucrose.  This
corresponds  to a  productivity of  !l kg of  product produccd per g of  catalyst  during this
period.
    Reaction kinetics and  mass  transfer  Batch  data on  the kinetics of  sucrose

inversion by free and  collagen-bound  invertase are  shown  in Fig. 3. Since the  enzyme

concentration  levels were  diflbrent fbr the soluble  and  the immobilized enzymes,  the kinetic
data have been normalized  to account  for this variation.  While both forms are  subje ¢ ted

to  substrate  inhibition, the  concentration  of  sucrose  above  which  the  inhlbition occurs  Ci.e.,
threshold  inhibition concentration)  is diffbrent. This concentration  is O.285 and  O.564 M
for the  free and  bound  enzyme,  respectively.  The  shift  in the  maximum  reaction  rate  to

higher concentration  in the  case  of  the  bound  enzyme  might  be due to bulk mass  transfer

problems. Significant transport' resistances  in the  bulk phase would  cause  appreciable

concentration  drop. Thus, at  the  immobilized enzyme  surface  the substrate  concen-

tration  would  be much  lower than  at  the solution  bulk, requiring  an  apparently  higher bulk
concentration  for the  onset  of  the  inhibitory phenornenon.
    At  the  low substrate  concentration,  kinetic data could  be represented  by the  classical

Michaelis-Menten kinetics for both  soluble  and  bound enzyme  forms. Continuous reactor
data at  difli]rent flow rates  and  initial substrate  concentrations  were  described by the

integrated fbrm  ofthe  Michaelis-Menten equation.  Based on  the data of  Table  2, apparent
Michaelis constants  fbr difR:rent flow rates  were  calculated  and  tabulated  (Table 6). As
the  linear velocity  through  the column  is increased, the  value  of  the Michaelis constant
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Table  6.Kinetic  clata.

Residence time

   (min)
Flow  rate

(mllmin)
Km(M)    lk(moles/l.

 min)

O. 32O.

 8758.

 75

!970720

 72

O.135O.

 290o.

 oso

O. 213O.315O.

 233

decreases, approaching  a  value  close  to the  free enzyme  Km  value  (O.l2 M).  This  implies
the  presence ofsignificant  external  film diffusional resistance.  From  separate  experiments,

the  eflbctiveness  factor for a  O.1 mm  thick collagen-invertase  membrane  was  found to be
O.45.2i) Thus, a  rigorous  representation  of  the observed  reaction  kinetics should  consider

both the  intrinsic inhibition kinetics as  wel!  as  external  and  internal mass  transfer im-

pedances. A  kinetic medel  fbr sucrose  hydrolysis by soluble  invertase has been  developed

by the  Rutgers Laboratory.ie) Effbrts are  now  underway  to  develQp a  detailed mass

transfer-kinetic model  for the  immobilized enzyme  and  they  weuld  be described in future
communlcatlon,
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