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   Acid  hydrolysis of  cellulose  in heterogeneous and  homogeneous  systerns  was  studied

theoreticallyandexperimentally,  Inthehetcrogcneoussystem,solubilizationofccllulose
was  thc rate-limiting  step.  The  low yield  ofglucose  was  due to  decorTrposition ofglucose
and

 
cellooligosaccharidcs

 produced  from  cellulose  to other  rnaterials  than sugars  during
the long exposure  to  strong  acid.  In the homogeneous  system,  cellulose  was  hydralyzed
at  raridom,  and  the  rate  constant  of  the  hydrolysis kt(hr-;) at  500C  was  cxpressed  by  the
fo11owing equation.

        ke,s,'c "  9.4× iO-' exp  {O.28 MCI])
where

 [!{Cl] repres ¢ nts  the  conccntration  of  hydrochloric acid  in thc range  of  4 to
16(w/w)%.  The  activation  energy  for the  hydrolysis of  cellulose  was  27,8 kcalfmol.

   The  therrnal  stability  of  cellulasc  immobilized on  Duolite ES-762  exceeded  that  of

free cellulasc.  [[Ihe pH  optima  ofimmobilized  and  free cellulases  were  in the  range  of

4.0 to 5.0. The  Michaelis constant  K-  of  immobilized  cellulase  approximated  to that
of  free cellulase.

   The  total amount  of  cellulose  used  was  converted  first into glucose and  soluble

cellooligosaccharides  by  acid  hydrolysis in the  homogeneous  system,  and  then  complctely

into glucose by hydrolysis with  thc  immobilized cellulase.

  Many  methods  have  bcen propesed  for
hydrolysis of  cellulose  to utilize  it as  an

energy  source  for preduction  of  single-cell

protein and  other  useful  substances.',"  It
is, however,  very  diMcult to hydrolyze native
cellulose  efl;:ctively  with  cellulase,  since

cellulose  is insoluble in water.  To  obtain  a

high yield of  glucose at  a  high reaction  rate,

high concentrations  of  cellulase  and  physical
or  chemical  pretreatment  of  cellulose  are

required."-')  However,  because of  the

substrate  specificity of  enzymatic  hydrolysis,
undesirable  by-products are  not  produced.
  In acid  hydrolysis in a  heterogeneous
system,  solubilization  of  cellulose  appears  to
be the  rate-limiting  step,  and  te accelerate

this step,  high  concentrations  ofstrong  acidS'i')

*
 Studies on  the  Re-utilization of  aellulosic Resources

  (IV). The  abstract  of  this paper  was  presented
  orally  at  the  55th Annual  Meeting  of  the  Agricultura!
  Chernical Society ofJapan,  1980, Fukuol[a.

and  high temperaturesii-t"  are  necessary.

Moreover, glucose produced  early  in the
reaction  is exposed  to strong  acid  fbr a  long
time  and  decomposes to  levulinic acid,

formic acid  etc., thus  depressing the  yield of

glucose. To  overcome  these  demerits, hy-
drolysis should  be performed in a  homoge-
neous  system  in which  cellulose  is dissolved
completely.

  Cellulose is soluble  in highly concentrated
solutions  of  phosphoric acid,  cadoxen,  zinc

chloride  etc."  But hydrolysis of  cellulose  in
thcse  solutions  is very  slow.  However,  by
adding  strong  acid,  such  as  hydrochloric acid,
to the  cellulose solution,  the  hydrolysis of

cellulose  is markedly  accelerated.  Although
both  dissolution and  hydrolysis of  cellulose

can  be achieved  in highly concentrated

sulfuric  acid,  use  of  the  acid  is best avoided,
since  the  excessively  high rate  of  hydrolysis
and  high heat of  dilution raise  eperatSonal
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problems, for example,  in control!ing  the

final degree of  reactiQn  to  produce  the

desired yield of  soluble  cellooligosaccharides.

In the  homogeneous  system,  cellulose  is
hydrolyzed  at  random,  as  in the  case  of

starch  hydrolysis, and  is converted  very

rapidly  into cellooligosaccharides  with  an

average  degree of  polymerization  at  which

they  are  soluble  in water.  Moreever,  the

rate  of  hydrolysis in the  homogeneous system

is higher than  that  in the  heterogeneous one

at  the  same  concentration  of  strong  acid  and

temperature.  Although  it is disadvantageous

to use  high concentrations  of  phosphoric and
hydrochloric acids,  the  former is necessary

for the  homQgeneeus ;eaction and  the  latter

is necessary  to increase the  rate  of  hydrolysis.
By usc  of  these acids,  a  high yield of  soluble

cellooligosaccharides  can  be obtained  at  a

high reaction  rate  without  further dc-
composition  of  the  product.
  Considering the  high  rate  ofacid  hydrolysis

in the homogeneous system  and  high substrate
specificity  ofenzymatic  hydrolysis, we  devised
a  combined  hydrelysis systern  with  acid  and

enzyme  to saccharify  cellulose  to  glucose in
high yie!d. This system  consists  of  three

stcps:  1) dissolution of  cellulose  in phos-
phoric acid  solution,  2) homogeneous  acid

hydrolysis of  dissolved cellulose  with  hydro-
chloric  acid  to soluble  cellooligosaccharides,

and  3) hydrolysis to  glucose by immobilized

cellulase.

  To  detcrmine  the  feasibility ef  the  system,

we  have  investigated the  kinetics of  homo-

geneous acid  hydrolysis in comparison  with

the  heterogeneous  hydrolysis and  examined

the properties of  immobilized cellulase.

Economic problems such  as  recovery  and

recycling  of  phosphoric and  hydrochloric
acids  wlll  be examined  in future work.

Materulg  and  Methods

 Materials  Crystalline cellulose  (powder, No.
2330) was  puTchased from  E. Merck  AG.,  glucostat
tcagent frem Worthington  Biochemical (Ilerp., and

cellobiese  from Wako  Iliire Chemical  Industries, Ltd.

Duolite ES-762  (porous phenolic resin)  from Diamond
Shemrock  Co. was  generously given by Sumitomo

Chemical  Co. Ltd. A  crude  cellulase  preparation was

given by the  Central Research  Institute of  Ishihara
Sangyo,  Co. Ltd., which  had  been  prepared  from  the

culture  filtrate of  Pelliculatia Vitamentesa strain  FERM-
P1797  by  precipitation with  ammonium  sulfatc.S)

  Immobillzation  of  cenulase  Cellulase was

immobilized  by essentially  the same  method  as  that  for
immobilization of  lactase.i5) One  g of  Duolite ES-762

(wet) equilibratcd  with  O.2 M  acetate  bufflrr (pH 5.0)
at 50C  for 24 hr was  suspended  in leO rn1  of  the  same

bufller centaining  the crudc  cellulase  in an  initial
concentration  range  of  frorn 1,5 to 9 mg/ml.  The

suspension  was  shaken  at  30eC  for 48 hr, thcn  the  resin

was  washed  well  with  the  same  bufler. Two  hundred

mg  of  resin  with  adsorbed  cellulase  was  resuspended  in

10 ml  of  the  same  bufll:r containing  glutaraldehyde in

a  final conccntration  range  of  from  O.5 to  10 (wtw)%
and  shaken  at  5eC.

  Hydrelysis  ef  cellulose  For acid  hydrolysis in
the  hcterogeneous system,  20 ml  ef  24 mgiml  crystalline

cellulose  suspension  in 28.1 (wlw)% hydrochloric acid

was  hydrolyzed at  60'a with  stirring,  The  hydrolysate
was  centrifugcd  at  2,OOO× g for 1O min, and  the super-

natant  was  ailuted with  distilled water  in an  ice-water
bath  to stop  the hydrolysis.

  For acid  hydrolysis in the  hornogeneous system,  O.30,

O.24, O.l8, O.16 or  O.15 g of  crystalline  cellulose  was

smspended  homogeneously  in O.5 ml  Qf  distilled water.
The  cellulose  was  dissolved by  adding  8 ml  of  85.e

(wlw)% phosphoric acid,  then  hydrolyled with  10,

6.3, 2.6, l,37 or  O.75 ml  of  35.0 (wlw)% hydrochloric
acid.  The  rcaction  was  allowed  to procccd in the

tempcrature  range  offrom  30 to 55eC  for an  appropriate

period. Thehydrolysatewasadjustedtoapproximately

pH  5 with  4 N  sodium  hydroxide to stop  the  hydrolysis,

then  centrifuged  at  2,OOOxg  for 10 min.  [IIhe super-

natant  was  used  for the  enzyrnatic  hydrolysis without

fUrther treatment.  One  hundrcd  mg  of  Duolite

ES-762  (wet) on  N"hich  cellulase  was  immobilized  was

used  per ml  of  the  supernatant  for thc enzymatic

hydrolysis, The  reaction  was  allowed  to proceed
at  ooOC.

 Decomposition  of  glucose  Twenty  ml  ef

6.4 mglml  glueose dissolved in 28.1 (wlw)% hydr"

chloric  acid  was  decomposed  at  600a  for an  appropriate

period. Thc  hydrolysate was  diluted with  distilled

water  in an  ice-water bath to stop  the reaction.

 Analytical methods  Total sugar  and  glucose
were  determlned  by  the  phenol-sulfuric acid  methodie)

and  the  glucostat methed  with  glucose as  standird,

respectively.  Protein was  estimated  by Lowry's
mcthodST)  with  crystalline  bovine serum  alburnin  as

standard.  The  degree ofsolubilization  ofcellulose  was

defined as  the ratio  of the amount  of  total  sugar

produced  in the  supernatant  after  the  stopping  of

hydrolysis to  the  

'initial
 amount  of  cellulose.  The
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activity  ef  free cellulase  wag  assayed  in the  reaction
 ,mixture

 containing  2 ml  of  1 1 mgfml  cellobiose  in O.2 M
acetate  buffer (pH 5,O) and  O.2 ml  of  the cellulase,  and

the  reaction  was  stopped  by  adding  O.25 N  sodium

hydroxidc. The activity  ef  immobilized cellulase  was

assayed  in the  reaction  mixture  containing  2.2 ml of

10 mg/ml  ccllobiose  in the  samc  buffer and  20 mg  of

Duolite ES-762  (wet) with  shaking.  To  obtain  the

)vfichaelis constant  Km, a  cellobiose  solution  of  an

appropriate  concentratien  was  prepaTed with.O,2 M
acetate.buffer  (pH 5.0). The  rcactlon  was  allowed  to

proceed at 300C. The  reactiQn  mixture  consisted  of

5 ml  of  the  substrate  solution  and  O.5 ml  of  the  crude

cellulase  solution  adjusted  to 6 mg  protein/ml with  the

samc  buffer in the case  of  free ccllulase,  and  8 ml  of  the

substrate  selution  and  20 mg  of  Duolite ES-762 (wet)
on  which  O.27 mg  protein  was  irnmobilized per mg  of

the  resin  in the  case  of  immobilized cellulasc.  The
reactien  was  stopped  by adding  O,25 N  sodium

hydroxide, One  unit  of  cellulase  activity  is defined as

the amount  of  the  enzyme  producing 1 llmolc  ofglucesc

from  the  substrate  per min  at  30"C.

Results  and  Discussion

  Aeid  hydrolysis in the heterogeneous
system  Twentymlof24mgfmlcrystalline
cellulose  suspension  in 28,r (w/w)% hydro-
chloric  acid  was  hydrolyzed at  600C. The
result  is shown  in Fig. 1. Since the diflerence
between the  amounts  of  total sugar  and

glucese was  relatively  small,  the  solubilization

of  cellulose  seemed  to be a  rate-limiting  step.

In the  early  stage  the  rate  of  hydrolysis was

AIO!.-.:83da=

g6vv"t4gg26

    o
     o 2o 4o  6o eo loo  12o
             Reaction  time  C hr  )

Fig. 1. Time  course  of  acid  hydrolysis of  cellulosc  in

   the  h¢ terogenceus  system.

   Twenty  ml  of  24 rngfml  crysta11ine  cellulose  suspen-

   sion  in 28.1 (wtw)% hydrochloric acid  was  hydro-

   lyzed at  60eC  for the indicated period with  stirring.

   Symbols:  e,  tetalsugar;  O, glucose,

=E.-oE;gr.e
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               Reactien tirne (hr )

Fig. 2. The rate  ofdecomposition  ofglucosc.
'''
 Twenty  ml  

'of
 6.4 mgiml  glucosc dissolved ･'in 28,1

   (wlw)% hydrochloric acid  was,  decamposed  at

   600C for the igdicated period.

much  faster than  that  in the  late stage.

This  indicates that cellulose  has amorphous

and  crystalline  regions,  which  show  different
reactivities,  in acid  hydrolysis. Figure 1 alsp

shows  that  tQtal sugar  solubilized  increases

almost  linearly in both stages,  This in-
dicates that  the  reaction  can  be assumed  to
be of  zero-order  except  at  high conversion.

Figure 2 shows  the  rate  of  decomposition of
6,4 mgfml  g!ucose under  the  same  conditions.

The  decomposition  of  glucose to other

materials  than  sugars  was  a  first-ordcr

reaction  with  a  rate  co'nstant  of  l.6× 10-S

(hr'i).
  From  these  results,  the yield of  glucose
containing  a  small  amount  of  cellooligosac-

charides  can  be estimated  by  the  fo11owing

procedure. The  fo11owing assumption  are

made:  1) The  solubilization  of  cellulose  is a

rate-limiting  s!ep  in the heterogeneou.s
reaction  system,  and  the  cellulose  solubilized

is converted  into glucose and  a  small  amount
of  cellooligosaccharides  with  a  rapld  velocity.

2) Cellulose consists  of  amorphous  and

crystalline  regidns.  The  solubilization  of

cellulQse  in both regions  is a  zero-order

reaction.  3) The  decomposition of  glucose
and  cellooligosaccharides  to other  materials

than  sugars  is a  first-order reaction  with  the

rate  constant  obtained  from Fig. 2, because
the amoupt  of  celloo}igosaccharides  produced
is very  small  in comparison  with  that  of

                       assumptiens,  the
                      be derived.
glucose. From  these

fo11owing equations  can

    -dCafde  nyT ka

    rmdCrfde  =:  kr

     dSpt/de -  (ka+kr)
       (Ct)o =  (Ce)e +-

 kmSm(Cr)e

(l)(2)(3)(4)
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where  (Ca), and  (a)e (glml) are  the  concen-

trations  of  cellulose in amorphous  and

crystalline  regions  at  the  beginning  of

reaction,  respectively,  and  (Ct)o (glm!) is

the  initial concentration  of  cellulose.  Ct

(g/ml) is the  concentration  of  cellulose  at  an

arbitrary  reaction  time  e(hr). Ca and  Cr

(g/ml) are  the  concentrations  of  cellulose  in
amorphous  and  crystalline  regions,  respec-

tively, and  Sk (glml) is the  concentratien  of

glucose and  cellooligosaccharides  at  an

arbitrary  reaction  time.  ka and  kr (glmlfhr)
represent  the  rate  constants  of  solubilization

of  cellulose  in amorphous  and  crystalline

regions,  respectively,  and  km (hr-i) is the

rate  constant  of  decomposition of  glucose and
cellooligosaccharides  as  described above.  The
concentrations  (Ca)e and  (C})o and  the

coeMcients  other  than  km were  determined by
trial-and-error  to  fit thc  concentrations  of

total sugar  calculated  from  the  measured

values  shown  in Fig. 1, These cQeMcients

and  concentrations  determined werc

ka=3.8 × 1O-`, kr =1.7 × lO-', (Ce)e=:2･7× 1O-i
and  (Cr)e==2.1× 10". The  yield of  glucose
with  a  small  amount  of  celloligosaccharides

calculated  from  these  coeficients  and  con-

centrations  (Ca)o and  (Cr)e was  approximately

40%  when  the  degree of  selubilization  of

cellulose  was  100%.  This indicates that

acid  hydrolysls of  cellulose  in the  hetero-

geneous system  causes  a  significant  loss of

glucose.
  Acid  hydrelysls in the  homogeneous

system  By  assuming  that  cellu!ose  dis-
solved  homogeneously  in phosphoric acid

is hydrolyzed  at  random  with  hydrochloric

acid, and  that  the  first-order rate  censtant

of  bond  cleavage  in acid  hydrolysis ke (hr")
is independent of  the  degree ef  polymeri-
zation  (DP) of  cellulose  n(-),  the  rate  of

increase of  the  concentration  of  cellulose  a

 (mole!ml) with  a  DP  of  n  is expressed  by
Eq. (5).

                           N

  dCnfde  ==  -kc(n-1)a+2kc  £  G  (5)
                          t-n+t

where  (], (mole/ml) represents  the  concen-

tration  of  eellulose  with  DP  of  x).n+1,  N
the  maximum  DP  of  cellulose  used,  and

 e(hr) reaction  time.  The  first term  in

'IiANAKA
 e･t at,                    [LJ, Ferment, Technol.,

the  right  hand  side  represents  the  rate  of

decrease of  the  concentration  of  cellulose

with  a  DP  ofn,  and  the  second  term  the rate

of  increase of  the  concentration  of  cellulose

with  a  DP  of  n  formed from ccllulosc  with

a  DP  equal  to  or  greater than  n+l.  If

cellulose  with  a  DP  equal  to or  less than  IVLI
is absent  at  the  beginning of  the  reaction,  the

ratio  of  the concentration  of  cellulose  with  a

DP  of  IV at  an  arbitrary  rcaetion  time  CN

(moleXml) to  the  initial concentration  of

cellulose  CN,(molelml) is expressed  by  Eq.

(6), and  for cellulose  with  an  arbitrary  DP
ofi(-),  Eq. (7) can  be derived from Eqs. (5)
and  (6).
  C-rfCN, =:  exp  (-kc(N-1)e) (6)
  Ctf(]lv. -  (N+1-i) exp  (-(i-1)kee)
          -  2(N-i)  exp  (-ikce) .

          +  (N- l -i)  exp  (-(i+1)kee)
                                 (7)
where  i in Eq. (7) is defined as  a  positive
integer from 1 to  N-l.  If the  maximum

DP  of  cellulose  is suMciently  high, and

celluloses (in practice, cellooligosaccharides)

with  DP  equal  to or  less than  t are  soluble

after  the  stopping  of  hydrelysis, the  ratios  of

the  weights  of  glucose Ga(-) and  total

sugar  St(-) in the supgrnatant  to  the

initial weight  of  cellulose  can  re$pectively  be
expressed  approximately  by Eq, (8), by
substituting  1 for i in Eq. (7), and  by Eq.  (9),
by summing  up  iC, fbrivalues from 1 to  t.

  Go =  C,IIV･Cbf, i÷ (1-exp(-k,e))x (8)
       i

  St =  Z  iC`/N･CN, t÷ I -  (l+1) exp(-lk,e)
      {el

                   
-F

 texp(-(t+l)kce)

                                  (9)
These  quantities (Gg and  St) can  also  be
obtained  by experiment.

  Figure 3 shows  typical  tirrte courses  of

acid  hydrolysis of  cellulose  in a  homogeneous
syste'm.  It is clear  by comparing  Fig. 3 with

Fig. 1 that  the  reaction  rate  of  hydrolysis in
the  homogeneffus  system  was  rnuch  higher
than  that  in the  heterogeneous system,  In

the  homogeneous  system,  cellulose  was  com-

pletely solubilized  much  more  quickly, and

thus  the  degree of  decomposition  of  glucosc
may  be greatly reduced,  The  rate  con-
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Fig. 3. Time  course  of  acid  hydrolysis of  cellulose  in

   the homogeneous system.
   Grystalline ccllulose  (O.30 g) was  suspcnded  homo･

   gencously in O.5 ml of  distilled water.  Thc  cellulose

   was  clissolvcd  in 8 ml  of  85.0 (wlw)% phosphoric
   acid,  and  hydrolyzed with  10 mi  of  S5.0 (wfw)%
   hydrechloric acid.  The reaction  was  aliowed  to

   proceed  at  30eC  or  55eC. The  ordinate  indicates

   the  ratio  of  the amount  of  glucose (A, 30eC; e,
   55eC) or  total sugar  (A, 300C; O, 550C) in the
   supernatant  after  the  stopping  of  the  hydrolysis to

   the  initial amount  of  cellulose.

stants  of  the hydrolysis with  16 (wlw)%
hydrochloric acid  and  44 (wlw)% phos-
phoric acid  at  various  temperatures  were

determined by substituting  the  amounts  of

glucose measured  at arbitrary  times for Gt
in Eq. (8). The  values  obtained  were

kc,i,'c==5.4× 10-:, kc,"ec=1.1 × 10-i, kc,i-eo=
2.4× 10-'i, kc,".o==4.6× 10T', ke,wa==:1.0 and

kc,sseo==1.8. As shown  in Fig. 3, the  Ge
values  (dotted curves)  obtained  from  Eq. (8)
by using  these  kc values  were  in good
agreement  with  those  measured.  An  Ar-
rhenius  plot of  these  values  was  linear, and

the  activation  energy  for the  hydrolysis of

cellulose  was  determined to.be  27.8 kcal/
mol.  Figure 4 shows  the  efllect of  concen-

tration  of  hydrochloric aeid  on  the  rate

constant  of  acid  hydro!ysis of  cellulose  at

500C. Since the rate  constant  of  the

hydrolysis only  with  83.0 (wlw)% phosphoric
acid  was  relatively  small,  O.0215 (hrn'), kc
could  be approximately  expressed  as  a

function of  the  concentration  of  hydrochroric

acid  as  fo11ows.

  ke,s,ec i  9.4 × IO'; cxp  (e.28[HCI]) (10)
where  [HCI] represents  the concentration  of

hydrochloric acid,  which  is in the range  of  4
to 16 (wXw)%. For very  dilute solutions  of

hydrochloric acid,  the  value  calculated  from
Eq. CIO) did not  agree  with  the  measured

1.0

   O.5

:

S.
 I ai
  .."oo'

 5

aol

521

          O 5 ro 15

           HCt concentration((wtw)'vi)

Fig. 4. Effect of concentration  of  hydrochloric acid

   on･the  rate  constant  of  acld  hydrolysis ofcellulose.

   Thc  concentration  of  crysta!1ine  cellulose  was

   constant  at  abeut  1(wtw)%.  The  reaction  tem-

   peraturc was  500C. The values  in this figure arc

   the  concentrations  ofphosphoric  acid  (wlw>%.

value,  because the  hydrolysis with  phos-
phoric acid  became  a  dominant factor.
Cellooligosaccharides of  DP  less than  7 are

repertedly  water-soluble.'Sj  However,  the

best fit with･  measured  values  of  St curves

calculated  from  the  rate  constants  of  acid

hydrolysis given above  (solid curves  in Fig. 3)
was  obtained  by assuming  l==5 in Eq. (9).
Although it is not  clear  why  l should  be 5
rather  than  7, at  present, it may  be ascribed

to the  high concentratiDn  of  the  salt  solution

after  the  reaction  is stopped.  This suggests

that  the  assumptions  that  the  hydrolysis

proceeds at  random  and  that  kc is not

infiuenced by the  DP  of  cellulose  are  reason-

able.  
･
 Incidentally, crystalline  cellulose  only

dissolved in 83.0 (wlw)% phosphoric  acid  was

solubilized  up  to 20%  at  30eC over  20 hr

(data not  shown),  and  crystalline  cellulose

hydrolyzed with  hydrochloric acid  after

dissolution in phosphoric  acid  almost com-

pletely hydrolyzed under  the  conditions  given
in Fig. 3 within  20 hr and  35 min  respectively

at  300C  and  550C.  The  number  average

degree of  polymerization DP.  is.expressed as
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foIIows by use  of  Eqs. (6) and  (7).              '
        N.N

  bP. ==  £  iCil £  Ci
        l-1  i#1

      =Il(1-(1-1/N)exp(-kee))  (11)
The  value  of  DP"  calculated  from Eq. (11)
for almost  completely  solubilized  cellulo'se  was

approximately  l.5. 
'

  Properties of  immobilized  cellulase

Since crystaliine  cellulose  was  completely

converted  into soluble  celloollgos'accharides  by
acid  hydrolysis in the  homogeneous system,

the use  ofan  imrnebilized cellulase  seemed  to

offer an  eflective  means  to further convert  it
to  glucose. Therefore, the  properties of

imrnobilized cellulase  were  compared  with

those  of  the  free enzyme.  aellobiose was

used  as  the  substrate  for measurement  of

cellulase activity,  since  the  D-ts･ value  of  the

solution  which  would  be subjected  to sub-

sequent  enzymatic  hydrolysis was  .low, as

described above.

  The  activity  of  cellulase  adsorbed  on

Duolite ES-762 was  5,5 un{tslg  resin  (wet),
when  the  concentration  of  protein in the

solution  undcr  adsorption  equilibrium  was  in
the  range  ofI  to 6 mg/ml.  This value  was

much  Iower than  that  calculated  from the
activity  of  free cellulase  remaining  in the

solution,  20-25  units!g  resin  (wet) (data not
shown).  There  is no  simple  explanation  for
this difli]rence at  present. The  effect  of  the

concentration  of  glutaraldehyde on  im-
mobilization  was  investigated over  5 hr of

reaction  with  shaking  at  300C. The  activity

of  immebilized  cellulase  was  scarcely

decreased at  concentrations  of  glutaraldehyde
less than  2 (wlw)%, that  is, 5.5 unitslg  resin

(wet) (data not  shown).  The activity  of

cellulase  immobilized  at  a  glutaraldehyde
concentration  of2  (wlw)% at  300C  was  90%
of  the  original  activity,  that is, 5.0 unitslg

resin  (wet), at  IO hr of  reaction  (data not

shown).  ･

  Figure 5 shows  that  the pH  optirna  for the
imrnobilized and  free cellulases  are  in the

range  of  4.0 to  5.0. The  immobilized
cellulase  showed  greater activity  than  the
free enzyme  at  higher pH  .and similar  activity

at lower pH.  
'
 

'
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i--eevzaf'>---v･otu->-x1･[
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',
 pH ･

                   '
Fig.5. EthctofpHonceilulaseactivity.  

'

   The  irnmobilinyed and  free cellulases  wcre'  qdjusted
   to appropriate  pH  values  with O.04 M                                Bfitton-
   Robinson's wide  range  bufler, and  allowed  t6/rcact

   at  30ea  for 30 min.  Ccl!ulase activitty  was  deter-

   mincd according  to  
"AnalyticaZ

 ntetAods'S  except  for

   the use  of  the buffer described above.  Symbols:

   O, free cellulase; e, lmmobiilzed cellulase.

  The  immobilized  and  free cellulases  were

stable  over  the  range  of  pH  3.0 to  7.0 when
incubated for 150 hr at  300C, and  the  former
in particular was  hardly inactivated (data not
shown).

  The  thermal  stability  of  the. immobilized
and  free cellulases  was  investigated at  650C,
The  results  are  shown  in Fig. 6. The
activities  ofthe  immobilized  and  free cellulases
incubated  for 2.5 hr were  25 and  5%'  of  the

respective  original  activities. The  in-

1es,b.-''g-

.-9-g

        
            Incubalion time ( hr }
Fig.6. Thermal  stability  of  free and  immobilized
   cellulases.  

'

   Enzyrnes wcre  incubated at  65OC  for 
'the

 designated

   period in O.2 M  acctatc  buffer (pH 5.0), thcn

   assayed  for retentiqn  ofactivity.  Cellulase activity

   was  determined according  to 
`CAnalyticat

 methoaEs."

   Syrnbols: O, free cellulasc;  O, irnrnebilized cel-

   lulase. '.
 

'
 

'
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         O 10 20  30 40 50

                1i%(wt)

Fig. 7. Lineweaver-Burk  plots for frec and  immobi-
   lizedcellulases.
   Reaetion conditions  were  given in "Analytical

   methede"  Se(wtw)%  and  v(#g  glucoselml･min)
   denote thc  initial cencentration  of  substratc  and

   the  initial velocity,  respcctively.  Symbols: O, free
   cellulasei  e, irnmobilized cel!ulase.

activation  of  free cellulase  was  a  first-order
reaction,  but  that  of  immobilized  cellulase

was  not.  A  pessible explanation  f'or the

non-first-order  inactivation might  be the

hetcrogeneity of  immobilized  cellulase  caused

by  the  diflktrence in the  number  of  cross-links

between  cellulase  and  resin  and  between
ccllulases.:9,

  The  Michaelis  constant  Km  of  the im-
mobilized  and  free cellulases  was  O,l8 and

e.l5 (wfw)% cellobiose,  respectively,  as

given in Fig, 7. 0bviously, the  Kpt value  of

the  free cellulase  was  nearly  equal  to that  of

the  immobilized one.  This indicates that
the  hydrolysis with  immobilized  cellulase  is
not  influenced by the mass-transfer  rates  of

the  substrate  and  products.
  Enzymatic  hydrolysis Soluble cello-

oligosaccharides  obtaincd  by acid  hydrolysis
in the  homogeneous system  (total sugar,

3.2 mg!ml;  glucose, O.4 mg!ml)  were

hydrolyzed at  400C  with  the  immobilized
cellulage  (O.4 unitsfml  of  the reaction

mixture).  Figure 8 shows  that  the  cello-

oligosaccharides  were  completely  converted

into glucose within  10 hr of  reaction.  This
indicates that  the  decomposition of  glucose
and  cellooligosaccharides  produccd  by the

acid  hydrolysis is negligible  during the

selubilization  of  crystalline  cellulose  to soluble

cellooligosaccharides.

A."v

$ 

g2o.

             Jbeaction time  ( hr )
Fig,8. Enzymatic  hydrolysis of soluble  cellooligo-

   saccharides  obtained  by  acid  h'ydrolysis of  cellulQse

   in the  homogeneous  system.

   The  reaction  temperature  was  coeU. The  reactien

   rnixture  was  composed  of  S ml  of  the  soluble  cello-

   eiigosaccharides  {total sugar,  3.2 mg/ml;  glucose,
   e.4 mgtml)  and  O.5 g  ofthe  immobilized cellulase

   (OA unitstml  ofthe  reaction  mixture).

  Crystalline cellulose  is completely  converted

into glucose by  the  suitable  combination  of

acid  hydrolysis in the  homogeneous system

with  enzyrnatic  hydrolysis with  immobilized
cellulase,  Further, the continuous  pro-
ductien of  glucose from cellulose  is pQssible
by use  of  immobilized  cellulase.

Acknowledgernents

  The  authors  are  indcbted to Sumitomo  Chemical
Co. Ltd. and  to Ishihara Sangyo  Co. Ltd,  fbr kiad gift
of  Duelite ES-762  and  cellulase  from Pettict{laria

filamentosa, respectively.  Thanks  are  also  due  to Mr.
A. Muto  and  Mr.  Y. Yokogawa  for their  technical

assistance.  This study  was  supported  by  grant No.
111910 from the  Minlstry of  Education  ofJapan.

References

1) Reese,E.T.,Mandels,M.,Weiss,A.H.:Advances

   in Biochemicat Engineen'ng (Ghose, T.  K.,  Fiechter,

   A., Blakabrough, N.>, Vol. 2, I81, Springer-
   Verlag, New  York  (1972>.
2) Linko, M.: Adeances in Biochemical Eagineering

   (Ghose, T, K., Fiechter, A., Blakebrough, N.),

   Vol. 5, 25, Springer-Verlag, New  York  (1977).
3) Tanaka,M.,Taniguchi,M.,Morita,T.,Matsune,

   R"  Kamikubo,  T.: .f. Flement. 71!chnel., 57, 186

   (1979).
4) Matsumura,  Y,, Sudo, K., Shimizu, K.: Afokuiai

   Gakkaishi, 23, 562 (1977).

NII-Electronic  



The Society for Bioscience and Bioengineering, Japan

NII-Electronic Library Service

The  Society  for  Bioscience  and  Bioengineering,Japan

5bl TANAKA  et  at.

5> Tassinari, T,, Macy,  C.: Biotcchnot, Bioeng., 19,

  1321 (l977).
6) Sudo, K., Matsumura,  Y., Shlmizu, K,: Mbkuzai

  Cakeaishi, 22, 670 (1976).
7) Mi!lctt, M.A,,  Baker, A.J.: Bietechnet, Bioeng.

  L!7nip.,  No. 5, 193 (1975).
8> Bergius,F.:Ihd. Eng. C7tem.,29, 247 (1937).
9) Duiming,J,  W.,  Lathrop, E. C.: fitd. E}lg. C]hem.,

  37, 24 (1945).
Ie) Kobayashi,T.,Sakai,Y.,Mitachi,K.,Tsuyuzaki,

  K.: Ropert of Hbkkaido librest Products Research

  imtitute, No.  15, 138 (1959),
11) Saeman,J. F.: 1nd. Idirg. Chem., 37, 43 (1945).
12) Harris, E. E., Beg!inger, E.: ind, Eng. Chem., 38,

  890 (r946).
13) Gilbert, N., Hobbs, I.A., Levine,J.D.: ind. EYrg.

  evrem., ",  1712 (1952),
14) Kobayashi,  T., Sakai, Y.: Butt. Agria, enem. Sbc.

  ,1apan, n,  117 (1958).
I5) Olson, A,(],, Stanley, W.L.:  J. Agric. Fbod

  CVlem., 21, 4co  (1973).
16) Dubois, M., GiSles, K.A.,  Hamilton, J,K.,
  Rebers, P. A., Srnith, F.; AnaL  Chem., 2S, 350

  C1956),
17) Lowry, O.H,, Rosebrough,  

'N.J.,
 Farr, A.L.,

  Randa11, R.J.: J, BieL Citem., 193, 265 (1951).
I8) Nisizawa, K.: J. Jlipan. Chem. Mbnagroph Sen'es 8,

  10, Nankodo,Japan  (1974).
a9) Bissett, F,, Sternberg, D.: Apal. Enviren. Mierobiot,,

  35, 750 (1978).

{ReceivedJune 9, 1980)

NII-Electronic  Mbrary  


