) I

2

357

FANE

- APPLICATION OF IMMOBILIZED ENZYMES
TO CLINICAL ANALYSIS AND FOOD MANUFACTURE
USING CHROMATOGRAPHIC ‘OPERATIONS

 SHUJT ADACHI
R 1982 .-




APPLICATION OF IMMOBILIZED ENZYMES
TO CLINICAL ANALYSIS AND FOOD MANUFACTURE
USING CHROMATOGRAPHIC OPERATIONS



Contents

Introduction

Literature Cited

Part I Factors Affecting Immobilized-Enzyme Kinetics

Introduction

Literature Cited

Chapter 1 Diffusion Coefficients of Low Molecules
in Gels
1 Introduction
2. Materials and Methods
1. 3. Results
4. Discussion
1. 5. Summary
Appendix
Nomenclature

Literature Cited

Chapter 2 Effectiveness Factor in a Batch Reactor
Including Immobilized-Enzyme Particles
2. 1. Introduction
2. 2. Problem Formulation
2. 3. Computational Results
2. 4. Summary
Nomenclature

Literature Cited

Chapter 3  Simultaneous Estimation of Diffusivity of

Substrate and Kinetic Parameters of Michaelis-

Menten Eguation
3. 1. Introduction
3. 2. Materials and Methods

. ..l.‘

11
19
26
29

- 30

31
32

35
35
36
39
42
42

- 43

45
45
46



3. 3. Theoretical Considerations
3. 4. Results and Discussion

3. 5. Summary

Nomenclature

Literature Cited

Chapter 4 Effects of Gel Constituents on Immobilized-

Enzyme Reaction

4. 1. Introduction

4. 2. Materials and Methods

4. 3. Theoretical Considerations
4. 4. Results and Discussion

4. 5. Summary

Appendix

Nomenclature

Literature Cited

Chapter 5 Stability of Enzyme Immobilized by Ionic

Linkage
5. 1. Introduction
5. 2, Materials and Methods
5. 3. Theoretical Considerations
5. 4. Results and Discussion
5. 5. Summary
Nomenclature

Literature Cited

Part II

Pulse Response in Immobilized-Enzyme Column

Introduction

Literature Cited

Chapter 6 Theoretical Method for Predicting

6.

Elution Curves
1. Introduction

ii

56
63
71
72
73

75
75
76
81
83
96
97
99
100

102
102
103
106
109
117
117
119

121

121
124

126
126



6. 2. Materials and Methods 126
6. 3. Theoretical Considerations 131
6. 4. Results and Discussion 136
6. 5. Summary 147
Appendix 147
Nomenclature ’ 158
Literature Cited . 159

Chapter 7 Elution Profiles in Reversible and

Consecutive Reactions 161
7. 1. Introduction 161
7. 2. Materials and Methods - 162
7. 3. Results and Discussion 167
7. 4. Summary 182
Nomenclature 182
Literature Cited 184

Chapter 8 Determination of Pyruvate and L-Lactate

in Human Serum by Pulse Response Technique 185
8. 1. Introduction 185
8. 2. Materials and Methods 186
8. 3. Results and Discussion 191
8. 4. Summary ' 195
Literature Cited , 196

Chapter 9 Application of Pulse Response Technique

to Determination of Enzyme 197
9. 1. Introduction 197
9. 2. Materials and Methods ‘ 198
9. 3. Theoretical Considerations 199
9. 4. Results and Discussion . 204
9. 5. Summary | 209
Nomenclature o : 209
Literature Cited 211

iii



Part III Production of Higher Fructose Syrup

Introduction

Literature Cited

Chapter 10 Chromatographic Separation of Glucose
and Fructose

10. 1. 1Introduction
10. 2. Materials and Methods
10. 3. Theoretical Considerations
10. 4. Results and Discussion
10. 5. Summary
Nomenclature

Literature Cited

Chapter 11 Separation of Glucose and Fructose by Using
a Simulated Moving-Bed Adsorber
11. 1. Introduction
11. 2. Theoretical Considerations
11. 3, Materials and Methods
11. 4. Results and Discussion
11. 5. Summary
Nomenclature

Literature Cited

Chapter 12 Production of Higher Fructose Syrup by Using
a System Including Adsorption Process and
Immobilized-Enzyme Reaction

12. 1. Introduction

12, 2. Theoretical Considerations
12. 3. Materials and Methods

12. 4. Results and Discussion

12. 5. Summary

Nomenclature

Literature Cited

iv

213

213
215

216
216
216
223
227
235
236
238

239
239
240
250
253
260
260
262

263
263
263
275
280
286
286
288



Chapter 13 Comparison of Processes for Production of

Higher Fructose Syrup 289

13. 1. Introduction 289

13. 2. Materials and Methods 290

13. 3. Results and Discussion 297

13. 4. Summary - 311

Nomenclature ] 312
Literature Cited 313 _

Acknowledgements . 314

List of Publications 316



INTRODUCTION

From the standpoints of clinical analysis and food manufacture,
enzymes have many properties which make them ideal catalysts. They
can operate under extremely mild conditions of pH and teméerature,
can generally induce fast reaction rates, and are extremely specif-
ic in the types of reaction in which they are involved. This spe-
cificity gives them the capability of catalyzing many reactions not
possible with ordinary chemical catalyst. 1In spite of this poten-
tial, enzymes have been used relatively little as commercial cata-
lysts because of the serious drawbacks of high cost, instability,
and the difficulty of separating the enzymes from the reaction pro-
ducts.

The immobilization of enzymes to artificial matrices, which was
first tried by Grubhofer and Schleich,l) offers exciting possibil-
ities for the solution of problems of instability and high cost.
Within the last twenty years, a new technology based on enzyme im-
mobilization has rapidly emerged and has been developed to the
points where immobilized enzyme processes are now in commercial
operation for the resolution of amino acids,z) the production of
L-aspartic acid,3) and the isomerization of glucose to fructose.4'5)

A wide variety of enzymes have ‘been immobilized, and the result-
ing enzyme adducts aEmonstrate some distinct advantages over their
soluble counterparts. The first advantage is that the enzymes im-
mobilized to matrices can be easily separated from the reaction

1



product. The ease of separation allows continued reuse, thus pro-
viding an economic advantage. The second is that immobilized en-
zyme processes can be in continuous operaticn. The continuity of
processes can reduce the operating costs, especially personal ex-
penditures. BAnother advantage which often, but not always, results
from attachment of enzymes to solid surface is increased stability.
The modes in which enzymes are attached to solid matrices can
be conveniently grouped into three categories;s) adsorption of en-
zymes at solid interfaces, inclusion of enzymes in gel matrices,
and covalent linkage of enzymes to solid surfaces. The reactions
with immobilized enzymes, even if by any mode of attachment, are
heterogeneous. Therefore, the reactions catalyzed by immobilized
enzymes may be affected by the diffusion of substrates, the envir-
onment in gel matrices, and so on. In Part I, the factors affect-
ing immobilized enzyme kinetics are investigated. The diffusion
coefficients of saccharides and amino acids in dextran and acryl-
amide gels are measured in Chapter 1. Chapter 2 deals with the -
unsteady state effectiveness factor in a batch reactor including
immobilized-enzyme particles. A few rePorts7'8) have been publish-
ed on the methods for estimating the kinetic parameters of the re-
action catalyzed by an immobilized enzyme. It _has been assumed in
the reports that the gel~phase diffusivity of substrate is obvious.
However, it is not explicitly found in many cases. Two methods

for estimating diffusivity of substrate and kinetic parameters of



Michaelis-Menten equation simply and simultanuously are proposed

0) that describe the ef-

in Chapter 3. There are some reportsg'1
fects of environment in gel matrices on immobilized-enzyme reac-
tions. However, verly little is known about the effects of gel
constituents on enzyme reactions. It is studied in Chapter 4 how
the constituents of dextran gels, which are extensively used as
supports for enzyme immobilization, influence on an enzyme-cataly-
ed reaction. Immobilization of enzymes by ionic linkage offers an
advantage of extreme simplicity. Adsorbed enzymes, however, do
suffer the problem of desorptien. In Chapter 5, stability of the
enzyme immcbilized by ionic linkage is mentioned.

The specificity of enzymes, and their ability to catalyze reac-
tions of substrate at low concentrations, make them attractive as
analytical reagents. Enzyme-catalyzed reactions have been used
for analytical purposes for some time for the determination of sub-
strates, activators, inhibitors, and enzymes. The use of immobi-
lized enzymes for analytical purpéses can increase the speed, ease,
and reproducibility of assays utilizing enzymes. The enzyme elec-

trodesll) 12)

and enzyme thermistors have been devised as the ana-
lytical tools including immobilized enzymes. Another type of the
analytical technique utilizing immobilized enzymes is proposed in
Part II. It is a pulse response technique using immobilized enzyme
column. Chapter 6, 7, and 8 deal with the determination of sub-

strates by the technigue. The components in human serum are ana-



lyzed by the technique in Chapter 8. In Chapter 9, the technique
is applied to determination of an enzyme in serum.

One industrially used enzyme is glucose isomerase which isomer-
izes glucose to fructose. Through the use of this enzyme the less
sweet and cheaper glucose can be isomerized to obtain a sweeter
mixture, a common type of fructose syrup, containing on dry basis
about 50% glucose and 50% fructose. The fructose syrup can be
used in place of sucrose in certain foods and beverages. Produc-
tion of syrup with higher fructose content is desirable because of
its sweetness and solubility at low temperature. Part III deals
with the production of higher fructose syrup. Chromatographic sep-
aration of glucose and fructose from their mixture is a normally
used technique, by which higher fructose syrup can be produced.

The technique is described in Chapter 10. The more effective sep-
ration is accomplished by using a simulated moving-bed adsorber

and it is mentioned in _Chapter 11. A new system for producing the
higher fructose syrup is proposed in Chapter 12. The system con-
sists of adsorption process and immobilized-enzyme reaction. 1In
Chapter 13, the three processes for producing the higher fructose
syrup, which are mentioned in Chapters 10, 11, and 12, are apprais-

ed on the standpoint of the amount of desorbent used in the pro-.

cesses.
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FACTORS AFFECTING IMMOBILIZED-ENZYME KINETICS



PART T

FACTORS AFFECTING IMMOBILIZED-ENZYME KINETICS
Introduction

Practical application of en2ymatié catalysis often requires that
enzymes are immobilized, thereby permitting recovery and conhtinuous
use. Since enzymes are immobilized to water-insoluble matrices,
the reactions catalyzed by immobilized enzymes are heterogeneous.
It is important that the kinetics of immobilized enzymes are well
understood to facilitate their utilization. 1In particular, it is-
necessary to acount for the effects of diffusiocnal limitatiens .and
environment in gel matrices and to develop procedures which permit
extraction of intrinsic kinetic parameters from cbserved reaction

1,2 . - ; o
) In other words, the kinetics of immobilized enzymes may

rates.
be affected by such factors. The development of an immobilized-
enzyme system also requires a thorough understanding of engineering
parameters such asg, activation energy, pH profile, and operational
half-l1ife of the immobilized enzyme. This part deals mainly with
factors affecting the kinetics of immobilized enzymes and engineer-
ing parameters.

In Chapter 1, diffusion coefficients of low molecules in dextran
and acrylamide gels, which are Qidely used as carriers for immobi-

lizing enzymes, are measured. The unsteady state effectiveness

factor.in an isothermal batch reactor including irmmobilized-enzyme



particles is discussed in Chapter 2. Two procedures for estimating
the diffusion coefficient of substrate and extracting intrinsic ki-
netic parameters from observed reaction rates are proposed in Chap-
ter 3. Chapter 4 deals with the effects of gel constituents on an
enzyme—-catalyzed reaction and with kinetic properties of enzyme im-
mobilized by ionic linkage. Operational stability of immobilized

enzyme by ionic linkage is discussed in Chapter 5.

Literature Cited
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Chapter 1

Diffusion Coefficients of Low Mclecules in Gels

1. 1. Introduction

In recent years cross-linked polymers such as dextran gels and
acrylamide gels have been extensively utilized as support for im-
mobilized enzymes and in gel chromatography. The reaction rate of
an immobilized enzyme is frequently found restricted b§ the diffu-
sional velocity of substrates within particles.l) Similarly, the
column efficiency in gel chromatography is appreciably influenced

2
by the gel phase diffusion. +3)

Informa£ion on diffusion coeffi-
cient in gels is therefore very important.

Diffusivity in gels is considered to be lower than that in solu-
tion because of the interaction between diffusing substances and
gel components and of the steric hindrance. However, only a few
works have been reported on diffusion in gels in comparison with
those on gaseous diffusion in solid catalysts.q) Nelsons) compared
the diffusion coefficient in an ion-exchange:.resin with that in a
model electrolyte solution. Horowitz and Fenichels) measured dif-
fusion coefficients of molecules of a molecular weight less than
100 in a dextran gel (Sephadex G-34). They pointed out that the
ratio.of the diffusioq coefficient in the gel to that in agueous

solution was in the 0.6 - 0.7 range regardless of the size, chem-

ical grouping and temperature of solutes. Ackers and Steere7)



studied diffusion of proteins through agar-gel membranes and ex-
plained the decrease of the diffusion coefficients by a theoretical
equation of Renkin.s)

In regard to diffusion of amino acids and saccharides in polymer
solutions such as dextran and its derivatives, Namikawa et al.g)
reported their observatiﬁn that the diffusion coefficient decreased
with the increase in polymer concentration. The lowering degree of
the diffusion coefficient could be well explained by a model in
which a direct interaction (hydrogen bond) between diffusimg sub-
stances and polymer was taken into consideration.

In the present study, we measured the diffusional velocity of
relatively low molecular weight substances such as saccharides and
amino acids in dextran gels, acrylamide gels and photo-crosslink-

10,11)

able resins of different gel concentrations or varicus de-

beads of dextran gels and acrylamide gels

grees of crosslinkage. For this purpose, sphericafvbr a plane

sheet of the photo-crosslinkable resins were prepared. Comparison
of the diffusion coefficients in the gels with those in the poly-
mer solutions indicated that diffusion in gels was restricted not
only by the interaction between gel components and diffusing sub-
stances but also by the steric hindrance. an attempt was made to
correlate the decrease of diffusion coefficients in gels with the
diffusion coefficients in polymer solutions and the distribution

coefficient which represents the partition of solutes between the

gel phase and the space outside the gel particle.

10



1. 2. Materials and Methods

Materials. All chemicals used in this study were of analyt-
ical grade. Dextran T-40 (mol. wt. 4 X 104) was purchased from
Pharmacia Fine Chemicals. Acrylamide, N,N'-methylenebisacrylamide
(BIS), N,N,N',N'-tetramethylethylenediamine (TEMED) , ammonium per-
sulfate, epichlorohydrin, D-glucose, maltose, glycine, L-f-alanine,
IL-valine and L-arginine were obtained from Wako Pure Chemical In-
dustries, maltotriose from Hayashibara Biochemical Inc., glucoamy-
lase {pure grade) from Seikagaku Kogyo Co., and Sorbitan sesqiole-

ate from Tokyo Kasei Co.

Prgparation of dextran gel beads. Dextran gei bead§ were pre-
pared by a modification of the pearl polymerization method.lz)
Ten grams of dextpan_was suspended in 4 ml of distilled water and
dissolved by adding 6 ml of 5 mol/l sodium hydroxide solution, and
the solution was allowed to stand overnight in a vacuum to elimi-
nate air bubbles. To this alkaline dextran solution, 1 - 6 ml of
epichlorohydrin was added in order to va?y the degree of crosslink-
age of the gel. The mixture became viscous after 10 - 20 min of‘
slow stirring at 40°C with a glass stick. At this stage, this so-
lution was immediately poured into liquid parafin which had been
incubated at 530°C in a 250 ml beaker under vigorous stirring, ac-
complished with an agitator.

The polymerization reaction was allowed to proceed for 20 hr at

50°C. The gel produced was washed with n-hexane and acetone, and

11



then with water till it became neutral. The shape of the gel was
found to be quite spherical by photographic observation, and the
water regain was in the range of 3.8 - 24.0 g/g-dry gel. The gel

beads having a diameter of 2 - 4 mm were used in the experiment.

Preparation of acrylamide gel beads. Acrylamide monomer and
a cross-linking agent, BIS, were dissolved in distilled water to
the prescribed concentration. The final volume was adjusted to 5
ml. To this solution was added a catalyst system consisting of
1 ml of ammonium persulfate (5%) and 0.1 ml of TEMED. The final
concentration of the total monomer (acrylamide plus BIS) was vari-
ed from 10 to 40%(w/v), with the BIS content, in terms of percent-
age (w/w) of the total amount of monomer, kept at 9.1%. The BIS
content was varied from 5 to 25% at a fixed total monomer concen-
tration of 22%.

This mixture was poured with an injector into a measuring cyl-
inder containing 600 ml of an organic phase (toluene-chloroform;
435/165) and 0.5 ml of an emulsion stabilizing agent, Sorbitan
sesquioleate. During polymerization, the organic phase was kept
under nitrogen atmosphere at room temperature. The polymerization
was completed before the bead reached the bottom of the cylinder.
The gel bead was washed with toluene to remove chloroform and then

with a large amount of distilled water.

Preparation of photo-crosslinkable resins. A l-mm thick plane

12



sheet of photo-crosslinkable resins was prepared by the same method
. 10,11) ) L

as previously reported, and a piece of the original sheet of

3 X 4 cm was used in the experiment. The photo-crosslinkable resin

named ENT 100011) is basically composed of polyethylene glycol.

Measurement of diffusion coefficient. Diffusion coefficients
in dextran or acrylamide gels were measured by a method similar to
that by Horowitz and Fenichel.G) A single swollen gel.bead was
transferred to an excess of the sample solution at the prescribed
concentration (gluccese 1 mol/l, maltose 0.5 mol/l, maltotriose 0.33
mol/l, glycine 1.4 mol/l, L-B-alanine l.b mol/1l, L-~valine 0.3 mol/
1, L-arginine 0.5 mol/l), and allowed to be equilibrated for 24 hr
at room temperature under shaking.

Then, the bead was removed from the solutionh, blotted with a
piece of filiter paper to eliminate excess liQuid on the surface,
and put in a holder made of stailess steel wire. This holder was
immersed successively at appropriate time intervals (1 - 10 min)
in a test tube (I.D. 22 mm), in which 5 ml of distilled water or
1.0 mol/]l acetate buffer (pH 4.5) in case of L-arginine as a dif-
fusing substance had been pipetted beforehand. Mixting of solution
in the tube was accomplished with a magnetically rotated bar at the
bottom. The temperature was controlled at 25 + 0.1°C.

In most runs, eight. tubes were used. Each transfer was accom-
plished in 3 - 5 seconds, and this loss of time could be ign§red

compared with the experimental time. The bead was allowed to re-

13



main in the final test tube for 2 - 6hr tc recover all remaining
solute. The concentration of glucose in a wash-out solution in
each tube was determined by the glucose oxidase method,lB) and
that of amino acids by the ninhydrin reaction. Maltose and malto-
triose were completely hydrolyzed intc glucose with glucoamylase,
and the amount of glucose produced was determined by the above de-
scrived method.

To photo-crosslinkable resins was applied the following method.
A swollen resin sheet equilibrated with a diffusing substance (glu-
cose) was put into a beaker filled with 150 ml of distilled water
which was kept well stirred with a magnetically rotated bar. At
appropriate time intervals, 0.5 ml of the sample sclution was ta-
ken, and the concentration of glucose was determined by the glu-

cose oxidase method.

Analysis of the experimental data. In case of dextran and
acrylamide gels, the relative average concentraticn of solute in

the bead at any time, Cg(tj)/C0 is given by

N N
C (t.)/c. =
g (85)7C, __Z c i)/ ] c_(t) (1-1)
i=j+1 i=1
where C0 represents the initial concentration of solute in the
bead, Cs(ti) the concentration of each wash-out soluticon, N the
total number of test tubes and t the time. In the experiment with

the photo-crosslinkable resin, Cg(tj)/c0 was calculated from the

14



concentration of the sample solution as Cg(tj)/co =1 - Cs(tj)/Ce,
where Cs(tj) represents the concentration of the sample solution
at time tj and Ce the concentration of_the sample solution after
all the solute in the resin sheet has been eluted.

The relations of Cg(tj)/C0 with the time for a spherical bead
and a plane sheet are easily derived by Egs. (1-2) and (1-3),14)
respectively, on the basis of the assumptions: (1) the toncentra-
tion of solute in a bulk solution cutside a bead is negligibly low

and {2) the dependency of diffusion coefficient on the concentra-

tion is negligible.

N .
Cg(tj)/cO = (G/ﬂz)nzl(l/nz)exp(—Denznztj/rz)
for spherical bead ' C ({1-2)
. _
2 2 2 2 2
C t_ = -
o J)/c0 (8/m )nzl(l/n )exp (-D_n"m tj/l )
for plane sheet o (1-3)

where De is the diffusion coeffi&ient in the géi, r.the‘radius of
a bead and 1 the half thickness of a sheet. The diffﬁéidn coeffi;.
cient was so determined as to achieve the maximum consistenc& be-
tween the experimental data and the calculated results by Eq.(1—25“
or (1-3). In most experimental runs, Cg(t,)/cO was in the range
of 0.2 to 1.0. The.;adius of a ﬁead and the thickness.of a sheet

were measured with a profile projector (Nippon Kogaku K.K. Model

8C).

15
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Fig. 1-1. Theoretical and experimental relations be-
tween Cg(tj)/CO and tj/r2 for dextran gels. Diffus-
ing substances; (O, glucose; [J , maltotriose. The gel
concentration was evaluated at 20.6%(w/v). The solid

curves show the calculated results by Eg.(1-2), with

- - 2
0.23 X 10 > and 0.10 X 1¢C > cm /s used as De for glu-

cose and malteotriose, respectively.

Figure 1-1 shows a comparison between the experimental and cal-
culated.results obtained for a dextran gel, in which Cg(tj)/co_was
plotted against tj/rz. A fairly good agreement was observed be-
tween them. Thus, a reasonable diffusion coefficient might be

obtained by the method described above.

Distribution coefficient. For evaluation of distibution coef-
ficients of the solutes for dextran gels, the correlation derived

15) .
by Ogston was available. He propoged the following formula:

le



= _ 2 (1-4)
K exp [ 1rL(rs + rr) 1

where L is the concentration of rods (dextran molecules), express-
ed in cm rod/cm3, rS the equivalent radius of a solute molecule
and r. the radius of the rod. Laurent and Killanderle) experimen-
tally determined r. to be 7 A. They also gave the relationship
between L and dextran concentration; i.e., in a dextran gel L had
a value of 4 X lO12 cm/cm3 for the concentration of 0.1 g/ml. The
values of rs were estimated from the diffusion coefficient in a

8 .
dilute solution (D) by Stoke's law ) or the radius of a sphere of

Table 1-1 Estimated Molecular Dimensions

o
Substances g at 25 g Molecular
[em™/s X 107] radius [A)
Glucose 0.6817) 3.6
18)
Maltose 0.50 4.9
Maltotriose 0_433) 6.4
Glycine 1.0619) ’3
L-B-Alanine 0.93% 2.6
L-Valine - 3_4b)
L-Arginine 0.5 4.1
19)

a) The value for raffinose was used.

b) The radius of a sphere of egual weight

and dersity was célculated.s) As the

value of p, 1.23 was used.lg)
¢) Measured for 0.5 mol/l L-arginine in

1.0 mol/l acetate buffer pH 4.5.9)

17



equal weight and density (p) as shown in Table I.

The distribution coefficients of saccharides for acrylamide
gels and photo-crosslinkable resines were determined experimental-
ly, since no theory for these gelé has yet been established. A
single gel bead or sheet was equilibrated in the saccharide solu-
tions of the same concentration as used in the diffusion experi-
ment. Then, the gel was removed from the sclution, blotted to
.eliminate excess liquid on the surface and placed in a test tube
until all the solute was eluted. The test tube was filled with
25 ml of diétilled water. The distribution coefficient was cal-

represents the ini-

culated by equation X = 25-Ce/{COVg), where C0

tial concentration of the saccharide solution, Ce the final con-
centration of a solution in the test tube and V the volume of a
g

gel bead or a sheet.

Gel concentration. Since the cross-linked polymers used in
this study swelled in water or some aqueous solutions, the gel
concentration was calculated on the basis of the water regain and
the partial specific volume of the gel component, i.e., 0.6]1 for
dextran gels,zo? 0.89 for acrylamide ge1521) and 0.91 for the

photo-crosslinkable resin (pclyethylene glycol).21)

Diffusion coefficient in solution (Do). Diffusion coeffi-
cients of maltotriose, glycine, L-B-alanine, L-valine, L-arginine

in the absence of gel matrix were determined by the height area

18
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Fig. 1-2. Theoretical relations between K and gel con-
centrations for various saccharides and amino acids in
dextran gels. The solid curves represent the calculated
results by Eg. (1-4). See the text for details. Curve

1, glycine; curve 2, L-B-alanine; curve 3, L-valine;
curve 4, glucose; curve 5, L-arginine; curve 6, moltose;

curve 7, maltotriocse.
method with the Schlieren optical apparatus}g) The values for

glucose and maltose were cited from the 1iterature.l7'18)

1. 3. Results

Distribution coefficient. Figure 1-2 shows a plot of the cal-
culated values of the distribution coefficients of saccharides and
amino acids versus gel concentrétions for dextran gels. Figure

1-3a shows a plot of the experimental data of the distribution co-

- efficients of saccharides versus gel concentrations for acrylamide

19
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Fig. 1-3a. Experimental relations between K and gel
concentrations for various saccharides in acrylamide
gels. (., glucose; A, maltose; [J, maltotriose.
BIS content was fixed at 9.l%.
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Fig. 1-3b. Relations between K and BIS content for
various saccharides in acrylamide dgels. Total monomer

concentration was fixed at 22%. The symbols are shown

in Fig. 1-3a.
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Fig. l1-4a. Diffusion coefficients of various saccha-
rides in dextran gels and in dextran sclutions. The
symbols show the experimental data of De/DO.' The sol-
id curves represent the theoretical results of Dp/DO'
QO and curve 1, glucose; A and curve 2, maltose, []

and curve 3, maltotriose. As the values of D, 0.5 X

-5 -5 5 2 0
10 7, 0.45 X 10 and 0.37 X 10 cm /s were employed
for glucose,l7) maltosela) and maltotriose, respectively.

gels at a constant BIS content (9.1%). In Fig. 1-3b, K i5 plotted

against BIS content at a constant monomer concentration (22%).

Diffusion coefficient of saccharides and amino acids in dextran
gels. The observed values of relative diffusion coefficients
De/D0 of saccharides and amino acids in dextran gels against gel
concentrations are shown in Figs. 1l-4a and 1-4b, respectively. On
the diffusion of saccharides and amino acids in dextran solﬁtion,

. 9 :
Namikawa et al. ) pointed out that the decrease of diffusion coef-
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Fig. l-4b. Diffusion coefficients of various aminc acids
in dextran gels and in dextran solutions. The symbols
show the experimental data of De/DO' The solid curves re-
present the theoretical results of DP/DO. @ and curve 1,
glycine; ) and curve 2, L-f-alanine; A and curve 3, L-
valine; [JJ and curve 4, L-arginine. As the values of DO’
0.79 X 10"5, 0.80 X 107>, 0.71 X 107> and 0.52 X 107° cmz/s
were used for glycine, L-B-alanine, L-valine and L-arginine,

respectively.g)

ficient was ascribable to a direct interaction (hydrogen bond) be-

tween diffusing substances and dextran molecules. The solid curves

in Figs. l-4a and 1-4b represent the theoretical results of the

ratio of diffusion coefficient in dextran solution D to DO' which
P

were in good agreement with the experimental ones.

As seen in Figs. 1-4a and 1-4b, De/DO was appreciably lower than

DP/DO and the degree of the lowering depended on both the gel con-
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Fig. 1-5a. Diffusion coefficients of various saccha-
rides in acrylamide gels and in polyacrylamide solu-
tions. The symbols show the experimental data of
De/DO. BIS content was kept at 9.1%. The solid

curves represent the theoretical results of DP/DO.

See the Appendix for details. Curve 1, glucose;
curve 2, maltose; curve 3, maltotriose. The symbols

are the same as shown in Fig. l-4a.

centration and the size of diffusing substances. This implies that
diffusion in gels is restricted not only by the interaction between
diffusing substances and the gel component {(dextran) but also by

the steric hindrance of gel matrix.

Diffusion coefficient of saccharides in acrylamide gels. The
+diffusion coefficients of saccharides in acrylamide gels are shown

.in Figs. 1-5a and 1-5b. FPigure 1-5a shows a plot of De/D0 versus

23



0.6 k { | | 1

[-]

L 0.2

De/

0.1 | ] | I |
0 5 10 15 20 25

BIS content [%]

Fig. 1-5b. Effect of BIS content on De/D0 for various
saccharides in acrylamide gels. Total monomer concen-
tration was kept at 22%. The symbols are the same as

shown in Figs. l-4a and 1-5a.

gel concentrations at a constant BIS content (9.1%), in which the
:theoretical results of DP/D0 in acrylamide polymer solution are
also drawn in solid lines. Details of the calculation are describ-
ed in the Appendix. The values of De/DO in acrylamide gels were
much lower than DP/DO in the same way as observed in dextran gels.
In Fig. 1-5b, De/DO is plotted against BIS content at a total
monomer concentration of 22%. The minimum De/D0 was observed at
a BIS content of about 15%. This striking and unexpected feature
of the permeability of acrylamide gels was also founded in the
studies sd far reported. Hjertén et al.zz) observed a marked in-

crease in gel permeability for proteins at a higher BIS content
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23 .
above 15%. Degani and Miron ) also observed in the sdudy of acryl-
amide-entrapped cholinesterase that the entrapping efficiency str-

ongly depended on BIS content and reached its maximum at 5%.

Diffusion coefficient of glucose in photo-crosslinkable resins.
The diffusion coefficient of glucose was also measured in the
photo-crosslinkable resins to be compared with that in dextran and
acrylamide gels. As shown in Table 1-2, the values of DF_;/DO were
larger than those for dextran and acrylamide gels at the same gel
concentrations. On the other hand, the distribution coefficients
of glucose were much smaller than those for dextran and acrylamide

gels, and were nearly equal to De/DO' This might mean that the

diffusion in the photo-crosslinkable resin was restricted only by

Table 1-2 Diffusion Coefficient and Distribution

Coefficient of Glucose in a Photo-Crosslinkable Resin.

Gel concentration 19.7 27.4
[%(w/v)]
D_/Dg K D_/D, K

Photo-crosslinkable

resin (ENT 1000) , 0.62 0.54 0.40 0.35

a)

Dextran gel 0.48 0.76 0.40 0.68
Acrylamide ge1? 0.44  0.89 0.33  0.80

a) The values oﬁ De/DO and K for dextran amd acryl-
amide gels were estimated by interpolating or
extrapolating the experimertal data shown in

Figs. 1-2, 1-3a, 1-4a, and 1-5a.
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the steric hindrance of gel matrix and that the interaction between
glucose and the resin was negligible. As a matter of fact, the

possibility of hydrogen bond formation with polyethylene glycol is

9,24 L. . .
considered to be very small, '’ ) since it contains only ether-like
oxygen.

1. 4. Discussion

4,25)

Various models have been proposed for establishment of re-

lations between the diffusion coefficient in porous matrix such as

25) 4 and that in the ab-

ion-exchange resins and solid catalysts
sence of such matrix. In most of the previous approaches,4) the
ratio De/DO was expressed as a function of a void fraction in po-
rous materials € and tortuosity factor 1 which accounts for both
tortuosity and varying pore cross section, i.e., De/DO = g/1. In
these treatments, however, neither the interaction between sclutes
and pore wall (gel component) nor the effect of solute size was
taken into qénsideration.

The experimental results obtained in thé present study showed
that diffusion in gels might be restricted not only by the interac-
tion between solute and gel component but also by the steric hin-
drance of gel matrix. Thus, D, should be expressed as D, = DP(K/
T). K was employed in place of € to account for the effect of the

size of diffusing substances. In Fig. 1-6, D measured in dextran
e

gels are plotted against KDP in a log-log coordinate. As seen in
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Fig. 1-6. Experimental relations between De and KDP for
various saccharides and amino acids in dextran gels. The
solid line shows D = D (K/1)}, in which T is specific as
1.1. Diffusing sul?stanges; QO . glucose; A, maltose;
[0, maltotriose; @, glycine; @ ., L-B-alanine; ._Ar L-

valine; [, L-arginine.

the figure, the plot of De versus Kpp gave a straight line with a
slope of unity and t was evaluated as l.1l.

Figure 1-7 shows a plot of De versus KDp for acrylamide gels. -
The experimental data gave a nearly straight line, but the slope
was higher than unity. This means that diffusion coefficient in
acrylamide gels cannct be correlated with De = DP(K/T) , probably ow-
ing to the heterogeneous structure of acrylamide gels. According
to recent studies with a scanning electron microscope,zs'zﬂ écryl—

amide gels have a cellular structure, that is, the gel is composed
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Fig. 1-7. Experimental relations between De and KDP
for various saccharides in acrylamide gels. The ex-
perimental data shown in Fig. 1-5a were employed.

The solid line had a slope larger than unity, and the

application of De = DP(K/T) to the experimental data
failed. See the text for details. Diffusing sub-

stances; (), glucose; A, maltose; [] , maltotriose.

of a closed space (a small cell) with a diameter of a few microns
and a cell wall, and is extremely different from a homogeneous
structure presumed for dextran gels. In such a heterogeneous
structure of the acrylamide gel, the structure of the cell wall
may be strongly responsible for the overall pexrmeability. The
distribution coefficient in the wall may be much smaller than the

observed value. Similarly, an unusual dependency of D on BIS
e
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content shown in Fig. 1-5b might be explained by the change of the
cell wall structure with BIS content.27) On the other hand, in
the photo-crosslinkable resine, De/D0 was nearly equal to K as de-
scribed previously.

The findings obtained above presented the following information
on the permeability of cross-linked polymers: Theldiffusional ve-
locity in the gel was restricted not only by the interaction be=
tween diffusing substances and gel components but also by the ste-
ric hindrance of gel matrix. The photo-crosslinkable resin showed
the highest permeability, where the interaction between the diffus-
ing substance and the resin component was considered negligible.
The diffusion coefficients in dextran gels were well correlated
with De=DP(K/T), in which both the interaction and the obstruction
by the gel matrix were considered. However, with acrylamide gels,
an attempt to correlate the experimental data with De = DP(K/T)
failed. It was pointed out as the reason for this failure that
the structure of the acrylamide gels was heterogeneous and differ- .

ent from that of dextran gels. Further studies on the structure

of pore matrix must lead to a better understanding on the permea-

bility in gels.

1. 5. Summary
Diffusion coefficients of saccharides and amino acids were meas-

ured in cross-linked polymers such as dextran gels, acrylamide gels
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and photo-crosslinkable resins of different gel concentrations or
various deérees of crosslinkage. Comparison of diffusion coeffi-
cients in gels with those in polymer solutions indicated that the
diffusional velocity in gels was restricted not only by the inter-
action between diffusing substances and gel components but also by
the steric hindrance of gel matrix. The diffusion coefficients in
dextran gels and acrylamide gels were appreciably lower than those
in polymer solutions, and the degree of lowering depended on both
the gel.concentration and the size of diffusing substances. The
photo-crosslinkable resins basically composed of polyethylene gly-
col showed a higher permeability than dextran and acrylamide gels
on account of a weak interaction between diffusing substances and
resin component. Furthermore, an attempt was made to correlate
the decrease of diffusion coefficients in gels with the diffusion
coefficients in polymer solutions and the distribution coefficient

of the diffusing substances.

Appendix

Since the acrylamide gel has two atoms per one monomer molecule

which can form hydrogen bond, a mogdel proposed by Namikawa et al.g)

might be applied to the evaluation of D /DO. Thus, D /D0 is ex-
P p

pressed as

1 KH_nCdt+nCAt
Dp/D 5-[ 1+ ] (1-5)

2 1/2
(B +4nCAtKH)
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where

B = KH + n(cdt - CAt) (1-6}

In these equations, C represents the polymer concentration based

at
on monomer unit, C, the concentration of a diffusing substance,

. ' 9
KH the dissociation constant of hydrogen bonding (= 29 mol/l) )
and n the number of atoms which can form hydrogen bond in the dif-

fusing substance.

Nomenclature
Ce final concentration of a solution in the test tube [mol/l1]
Cg average concentration of solute in the bead [mol/1]
Cs concentration of wash-out solution . [mol/1]
C0 initial concentration of solute in the bead : - [mol/1]
D, diffusion coefficient in the gel : , [Cm2/S]
Pp diffusion coefficient in polymer solution '[cmz/s]
D, diffusion coefficient in solution '[CmZ/S]
K distribution coefficient S - -]
L concentration of rods [cm rod/cm3]
1 half thickness of a sheet {cm]
N total number of test tube : (-1
r radius of a bead l ‘ R [em]
r radius of the rod : ' : ‘ Tem)
T equivalent radius of a solute molecule o ‘[cm]
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time [s]

3
volume of a gel or a sheet [cm™ ]
void fraction in porous materials [-]

3
density [g/cm™ ]
tortuosity factor -1
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Chapter 2
Effectiveness Factor in a Batch Reactor

Including Immobilized-Enzyme Particles

2. 1. Introduction

It is experimentally convenient to study the kinetics of an
immobilized-enzyme reaction in an isothermal batch reactor. Such
a reactor is often used for estimating the kinetics of the immobi-
lized-enzyme reaction. The reaction catalyzed by the immobilized
enzyme is heterogeneocus. For heterogeneous reactions, the transi-
ent diffusional phenomena sometimes complicate the in@erpretation
of the data taken from such a reactor.

The purpose of this chapter is to discuss on the unsteady state
effectiveness factor in the heterogeneous reactor including immo-
bilized-enzyme particles. We consider only the case where an en-
zyme reaction is represented by Michaelis-Menten equation. The
discussion will give the critical time taken to satisfy the pseudo-
steady state assumption.

Some investigators have reported on the unsteady state effec:
tiveness factor in a batch reactor where a first-order reaction is
allowed to proceed. Villandsen ard Stewartl) considered the un-
steady state effectiveness factor in a batch reactor with an infi-
nite volume of reactant. Lewis and Paynter;a discussed on the un-
steady state effectiveness factor for a finite volume of reactant.

There are some discussion53’4) dealt with the steady state ef-

35



fectiveness factor for a reaction catalyzed by an immobilized en-
-7)

zyme. Some investigators5 have presented approximate correla-

tions between the steady state effectiveness factor and the general

. 8)
modulus proposed by Bischoff.

2. 2 Problem Formulation

The Michaelis-Menten type of kinetics is considered for an im-
mobilized-enzyme catalyzed reaction. The immobilized-enzyme par-—
ticles with interior void fraction, e, which is containing ini-
tially diluent, are immersed into a volume, VO’ of reactant. For
simplicity, the following assumptions are made: i) the reaction is
allowed to proceed under an isothermal condition, ii) the enzyme
is homogeneously distributed into the particles, and iii} the ef-
fect of film diffusion of substrate on the reaction rate can be
ignored.

The problem can be stated by the following partial differential

equation and its associated boundary conditions.

Ay 82y 2 3y 2 Y

— = (__§.+ —~—) - 94 Vo —— (2-1)

38 AL E 3L Y + v,
at £E=1, 8 > 0, Ay /38 = -a(dy/9E) (2-2)
at £ =0, 8 >0, 3y/3E = 0O (2-3)
at £ =1, 8 =0, y =1 (2-4)
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at 0 < E <1, 8=0, y =0 (2-5)

vhere the dimensionless variables and parameters are defined by

¥ = €u/Cas0 (2-62) ¥ = Cpo/Cpgy (2-6b)

6 =Dt/ 7% (2-6c) E =1xr/R (2-6d)

4 = (/3) [vn/(km D_)1%/? (2-6e) v, = Kan/C (2-6£)
el 0 A0

a = 3Ws/{vopp) (2-6g)

Unfortunately, Eg.(2-1) can not be solved analytically. Hence,
numerical solution of Eq. (2-1) is obtained.

However, when the substrate concentration is much less than Km,
that is, y << vo, the reaction term in Eq. {(2-1) can be approximat-
ed by Eq. (2-7).

Y o4

) _ .
9¢ vy = 9¢2y : (2-7)
y+\)0 ’

In such a case, the analytical solution of Eg.(2-1) can be obtain-

ed.

2 2,200
, - 20k " exp [-(9¢ —ki )01 1 -51nh(ki5)

2, 2 . - L
k3 (2+a>-(9§2-k5 )(9¢2-k£2+u) £ sioh(}) -

2 " B
= 2uk_° expl-9(s7+k_%)0] 1 sin(k_£)
*lo—3 2.3 2.2 o' (2-8) .
n=1 ak_“(2+0)+ (94 +k %) (9¢°+k_“+a) £ sin(k )
n n
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where k! and kn are given by the following equations.
i
tanh (k') = ak!/(96°-k! %a) (2-9)
i i i
tan(k ) = ak _/(9¢2+k_“+a) (2-10)
antky’ = ®n n

The ‘dimensionless concentration of substrate at the surface of
immobilized-enzyme particles can be cobtained by setting £ = 1 at
Eg. (2-8).
Lewis and Paynterz) have defined the effectiveness factor in a
batch reactor as follows:
! 2
_ fo(4"€ ) [y/ {y+v,) 1dE

EfB = (2-11)
(4n/3)[ys/(ys+v0)]

or

1 (y/3E|,_ ) v
'ne = 2 . (2_12)
3¢ {vo ly /(v tvg)] }/'V0

where V and Vv

o are related by Eq.(2-13)

Vo=V, o+ ey (2-13)

The effectiveness factor defined by Eq. (2-11), Efe’ is different

from that define§ by qu(z—lz), ne. -There is the foilowing rela-

tion between them.
Egg = (V/Vo)nB
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= [1 + E(VC/VO)]He (2-14)

In this work, the effectiveness factor defined by Eq- (2-11} is
discussed. When Michaelis-Menten kinetics can be approximated to
the first-order reaction due to low substrate concentration, the
unsteady state effectiveness factor is easily calculated from Eq.
(2-8). However, Eq.(2-1), which includes the Michaelis-Menten
kinetics, cannot be solved. Therefore, Eq. (2-1) is solvea numer-
ically by Crank-Nicolson method. The integration of the resulting
concentration profile in the particle by Simpson's method givés

the unsteady state effectiveness factor, Efa’

2. 3. Computaticnal Results

The steady state effectiveness factor Efm can be obtained when

the left-hand side of Eg. (2-1) = 0. First, we considered the
first-order reaction. Figure 2-1 shows the time dependency of

Efe/Efcu value for various values of Eca and a. As shown in Fig.

2-1, the effect of the parameter o on the Efe/Efoo is negligible.
Figure 2-2 illustrates the relation between Efe/Efoo and 6 for

Michaelis-Menten kinetics under various vo values. In Fig. 2-2,

the o value is fixed to be 0.1. When the value of Efe/Ef ‘reaches
o

0.98, we consider a pseudo-steady state to be achieved. The crit-

ical time is represented by Bc. Figure 2-3 illustrates the rela-

tion between ec and Efno using vy as a parameter. Wwhen vo = w, the

reaction is of first-order. On the other hand, the case where vo
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Fig. 2-1. Time dependency of Efe/Efm value for various

Efm and a values when an enzymatic reaction can be ap-

proximated to be of first-order.
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Fig. 2-2. Relation between EfB/Efm and 8 for Michaelis-
Menten kinetics.
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Fig. 2-3. Relation between Efcn and critical time BC

required to establish the pseudo-steady state.

value is equal to 0.00l corresponds to the case where Michaelis-—
Menten equation is approximated to zeroth-—order reaction.

The Bc is a function of Efm, ¢, vo and a values. However, the

effect of o value on the ec value is negligibly small. The effect

of ¢ on Bc is included in E__ because Efm

£ is a function of ¢.

From Fig. 2-3, an actual time taken to achieve the pseudo-steady
state after the start of reaction in the batch reactor is calcu-
lated under the follaﬁing typical conditions. The pseudo-steady
state is achieved within 10 - 20 s under the conditions that Efm

= 0.8, ¢ = 0.5, R= 0.025.cm, and DeA value is in the order of
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10“6 cmz/s.. This result shows that the pseudo-steady state is
achieved in a relatively short time in the batch reactor including
immobilized-enzyme particles except for extreme operating condi-
tions. In conclusion the steady state effectiveness factor can be

used through the course of reaction.

2. 4. Summary

The unsteady state effectiveness factor in an iscthermal batch
reactor including immobilized-enzyme particles was discussed. The
critical time when we can approximate a pseudo-steady state to be
achieved was presented graphically as a function of the steady
state effectiveness factor for various vo (= Km/CAO) values. The

discussion had led to a conclusion that the pseudo-steady state is

achieved within 10 - 20 s under usual operating conditions.

Nomenclature
CAR concentration of component A at stationary phase [ﬁol/cm3]
CAS concentration of component A in bulk solution [mol/cm3]
D., effective diffusion coefficient [cmz/S]

Efe unsteady state effectiveness factor defined by

Eq. (2-11) . [-1
Ef°° steady state effectiveness factor (-]
Xm Michaelis constant | [mol/cm3]
R radius of the bead {cm]
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r radial distance {cm]

t time Is]

3

VC volume of gel phase [em™ ]

. 3

Vm maximum reaction rate [mol/cm™ +s]

3

VO volume of reactant [em™]

W . weight [g]

b = Car’Caso [-]

Ys = Sas’Caso (-

a = 3W8/(V0pp) (-1

€ = interior void fraction ) : [-]
g unsteady state effectiveness factor defined by

Bg. (2-12) [-1]

8 = D _t/(eR%) ' (-1

el

g = r/R ' [-1

v = -

0 Xa/Ca0 (-1

Dp apparent density -1

¢ = (R/3)[va/(xmep )12 (-]
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Chapter 3
Ssimultaneous Estimation of Diffusivity of Substrate

and Kinetic Parameters of Michaelis-Menten Equation

3. 1. Introduction

A knowledge of diffusion coefficient of substrate and kinetic
parameters of an immobilized enzyme is required for design of a
reactor including the immobilized enzyme. The kinetic parameters,
Km and Vmax, of any immobilized enzyme are ussually estimated from
the reaction rate observed in an isothermal batch reactor or from
the conversion of substrate observed in an isothermal tmbular re-
actor. When the diffusional rate of substrate into the immobiliz-
ed-enzyme support is rate-limiting, the parameters are estimated
by using immobilized-enzyme particles which'are crushed and re-
duced their diameter. The use of crushed particles is complicated
and does not always give the correct parameters because the crush-
ing of immobilized-enzyme particles is in danger of deactivation
of the enzyme.

Kobayashi and Laidlerl) have proposed a method to estimate the
kinetic parameters, Km aﬁd Vmax, of Michaelis-Menten eqguation.
Their method is limited to the case where the effective diffusion

A value, however,

is often unknown. Thérefore, their method requires the separate

coefficient of substrate, DeA’ is .known. The De

determination of D ..
eA

In this chapter, we propose two new methods to estimate Km,
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Vmax, and peA simultaneously from the time course of substrate
concentration observed in an isothermal batch reactor. One

method is based on analysis of time courses of substrate concen-
trations observed by using two kinds of immobilized-enzyme parti-
cles different in diameter at the same initial substrate concen*
tration. In another method, the initial substrate concentrations
are varied using immobilized-enzyme particles with an given diam-
eter. The kinetic parameters of hydrolysis of N-glutaryl-L-
phenylalanine p-nitroanilide (GPNA) by a-chymotrypsin immobilized
into acrylamide gel and crushed-firebrick particles, and the ef-
fective diffusivity of GPNA, were estimated by the two methods.
Appropriateness of parameters estimated was verified by the fol-
lowing facts: the time course of substrate concentration calculat-
ed by using the parameters fitted to the experimental data, and
the conversion of substrate, which was obtained in the packed col-

umn, coincided with the ceonversion calculated by using the param-

eters estimated.

4. 2. Materials and Methods

Materials a-Chymotrysin, bovine serum albumin (BSa), glutar-
aldehyde, and N-glutaryl-L-phenylalanine p-nitroanilide (GPNA)
were purchased from Sigma. Firebrick LBP-13, which was obtained
from Isoraito Kogyo, was crushed and sieved to desired size. The

particles were washed with 0.0l mol/1 potassium phosphate buffér
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(pH 7.4) and distilled water, and then dried. Acrylamide monomer
(AAm) , N,N'-methylenebisacrylamide (BIS), N,N,N',N'-tetramethyl-
ethylenediamine (TEMED) , ammonium persulfate, and Sorbitan were
purchased from Nakarai Chemicals. Other reagents were of analyt-

ical grade.

Immobilization of a-chymotrypsin into crushed-firebrick parti-
cles Firebrick was crushed and sieved to particles with vari-
ous mean diameters (0.0505, 0.0775, 0.1090, 0.1545, and 0.2190
cm). Fourty ml of 2.5%(w/v) a-chymotrypsin, 40 ml of 20% (w/v)
BSA, and 40 ml of 2%(v/v) glutaraldehyde, which were dissolved in
0.04 mol/l potassium phosphate buffer (pH 7.4), were mixed. Fire-
brick particles of a given mean diameter (200 g) were added to the
mixture and immediately stirred. The suspension was kept freezed
at -20°C over one day. It was then melt at 4°C and dehydrated.
The immobilized-a-chymotrypsin particles were washed with the buf-
fer until the absorbance of wash at 280 nm became below 0.02.

They were successively washed with distilled water and dried at
4°C. The resulting immqbilized—enzyme particles were stored at

4°C in refrigerator before use.

Entrapment of a-chymotrypsin in acrylamide gel The method
for entrapping a—chjmotrypsin in acrylamide gel was essentially
the same as that reported by Ohmiya et a1.2) except for irradia-

tion by a fluorescent light. Bovin serum albumin was added to a-
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chymotrypsin solution to prevent the deactivation of the enzyme
during the'immobilization. Leakage of a-chymotrypsin from the
acrylamide gel was avoided by covalent binding of the enzyme to
amino group of the enzyme, BSA, or acrylamide with glutaraldehyde.
Four ml of 5%{w/v) ammonium persulfate and 4 ml of 2.3%(v/v)
glutaraldehyde were simultaneously added to a mixture of 6 ml of
8% (w/v) oa-chymotrypsin, 6 ml of 3.2%(w/v) BSA, and 40 ml of AAm-BIS
solution (BIS content: 5%). The mixture was immediately poured
into 200 ml of organic solvent (toluene/chloroform = 144/56 (v/v)}),
which contained 0.3 - 0.5 ml of Sorbitan and 0.64 ml of TEMED, and
was emulsified by magnetic stirring in a nitrogen atmosphere. The
water phase was kept at pH 8.0 with 0.05 mol/l sodium phosphate
buffer. The polymerization was performed at 0 - 4°C for 20 min.
The resulting immobilized-a-chymotrypsin beads were filtered on a
glass filter. The beads were washed with 100 ml of chilled toluene,
with chilled sodium phosphate buffer, and successively with a
large amount of chilled 0.05 mol/l Tris-HCl buffer (pH 8.0) con-
taining 1.0 mol/1 NaCl and 0.05 mol/1 CaClZ. The beads were siev- |
ed to obtain the desired size. They were suspended in the Tris-
HC1 buffer and stored in a refrigerator before use. The remaining
activity of a-chymotrypsin after immobilization was about 60%. No

loss of the activity was observed over 30 hr at 30°cC.

Assay of a-chymotrypsin activity The hydrolysis of GPNA by
immobilized a-chymotrypsin was allowed to run at pH 8.0 and 30°C.
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Fig. 3-1. Schematic representation of isothermal batch

reactor including immobilized-c-chymotrypsin particles.

The concentration of the product, p-nitrcaniline, was followed by
measuring the absorbance of the bulk solution at 410 nm, where the

absorbance due to GPNA is negligible.

Batch reactor Figure 3-1 shows the experimental apparatus.
The firebrick particles (5 g) to which a-chymotrypsin was immobi-

lized were put into four stainless steel baskets. The baskets

were placed near baffles. The reaction was carried out at pH B.0

with 0.05 mol/1 Tris—HCl‘buffer containing 2.0 mol/l NaCl and at

30°C. The volume of substrate solution:was lOOO'cm3. The agitator

with six paddles was revolved at 700 - 800 r.p.m. where the film

mass transfer resistance was confirmed to be negligible. The ini-
4

tial concentration of GPMA was 8.8 X 10_5 or 3.52 X 10 mol/l.

The concentration of the product was continuously monitored by
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passing the bulk sclution through a spectrophotometer (Shimadzu,
Spectroni; 88).

Some alterations of procedures were made in the experiments us-
ing a-chymotrypsin entrapped into acrylamide gel as a catalyst.
The gels (0.7 - 3 g) were held into one or two stainless steel
baskets. The volume of GPNA solution was 275 - 700 ml. The solu-
tion was agitated by a magnetic stirrer. The bulk sclution was
sampled at appropriate intervals and its absorbance at 410 nm was
measured. The sclution sampled was returned into the reaction ves-

sel after measurement of absorbance.

Tubular reactor The appropriateness of the parameters (Km,
Vmax, and DeA) estimated by proposed methods was verified by com-
paring the concentration profile of GPNA observed experimentally
in a tubular reactor with that calculated by using the parameters.

Figure 3-2 is a diagram of experimental apparatus. Immobilized
a-chymotrypsin firebrick particles (5 g) were packed in each col-
unn. The inner diameter of the column, 2.0 cm, was larger than
the diameter of particles, so that the effect of wall on mass
transfer could be ignored. The columns were kept at 30°C by cir-
culating thermostatic water through jackets. The inactive fire-
brick particles with the same diameter as the active ones were
packed above and below the active particle zone to preheat the
substrate solution and to keep the flow pattern constant. The

substrate solution was introduced upwards into the reactor by
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Fig. 3-2. Schematic diagram of Tubular reactor.

a constant-feeding pump. The absérbance of eluate at 410 nm was
centinuously measured at the outlet of the last column. After
establishment of steady state was confirmed, the concentration of
the product sampled at the outlet of each column was measured.

When a-chymotrypsin entrapped into acrylamide gel was used as
a catalyst, we used an apparatus.of small scale and omitted the
pPreheating zone of inactive gels.

The concentration profile of the substrate in the tdbular reac-
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tor was calculated from Eq. (3-1; or Egs- (3-2) and (3-3), which
were solved numerically by Runge-Kutta-Gill method. When film
masg transfer resistance can pbe ignored, the design equation of

the reactor is given by Eq. {3-1).

ac (1 -¢) Vmax-+C
_A_ . b "B, (Cy)* A {(3-1)
dz . - Km + CA

0
When the rate of film mass transfer of substrate is not fast

enough, the following equations must be solved.

4ac 31 - )

A b
— T e ——— - — 3--2

kp(Cp ~ Cpy) (3-2)
dz u R

0

Vma.x-CAi

k.s{c. -cC..) = (R/3)-E_ (C )s—m—— (3~3)
L ‘A Al fo R Xm + CAi

The boundary condition is given as follows:
at z = 0, c. =c 13-4)
where CA and C.. dencte the substrate concentration in mobile

Al

phase and that at the surface of catalyst, respectively. R is the

radius of a bead, z the axial distance, Eb the void fraction of

the bed, Y the superficial velocity, and kL the film mass trans-

fer coefficient. The value of kL was evaluated from the correla-

tion proposed by Kataoka et a1.3) under the assumption that the

molecular diffusivity of GPNA was 1.0 X 10“5 cm2/s. In calcula-
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tion of Efrwr the approximate expression proposed by Kobayashi et
@

al.4) was used.

Estimation of kKinetic parameters The diameter of acrylamide
gels can be reduced easily by grinding them. The intrinsic ki-
netic parameters of immobilized a-chymotrypsin free from intra-
particle diffusional resistance can be obtained by using the
ground a-chymotrypsin.

About 0.1 g of ground enzyme-gels were accurately weighed in
Erlenmeyer flask. Addition of 25 ml of GPNA solution initiated
the reaction under magnetic stirring at 30°C. At appropriate in-
tervals, the sclution was sampled through a glass filter to pre-
vent contamination of ground gels and the p-nitroaniline concen-
tration was measured. The initial reaction rates based on the
unit volume of immeobilized-enzyme gels were observed for various
GPNA concentrations. The Michaelis constant Km and maximum reac-

tion rate Vmax were estimated from Linewever-Burk plot.

Estimation of diffusivity of GPNA in acrylamide gel The dif-
fusion coefficient of GPNAVin the acrylamide gel was observed by
the following three methods.

(a) Leakage method: In active ac;ylamide gel beads with large
diameter (ca. 2 cm) weré'prepared. Some beads were immersed into
GPNA solution over 24 hr at room temperature. The beads were re-

moved from the solution and blotted with a piece of paper to elim-
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inate excess liquid on the surface. They were put into 25 ml of
Tris-HC1 buffer. An increase in absorbance of the buffer golution
at 317 nm was measured. The solution was mixed under magnetic
stirring. The temperature was contrelled at 30°C.

A fraction of GPNA remaining within beads at any time, ML’ is
expressed by the following equation.

c -C ® exp(-qnzD At/R2)
ML s 2 2= (1 4+ 1/a) z = (3-5)

A n=l 30y (14a) + (qnz/ea)

where
a = W/ (Vp ) (3-6)
P
and qQ, is the nth root of the following equation.
q = 3al{g/tan q) - 1] (3-7)

W and pP are the weight and the apparent density of beads, respec-

tively. V is the volume of the buffer solution. CA and CAno re-

present the concentrations of GPNA at any time and at equilibrium.
In our experimental conditions, o was 0.0846.

(b) Penetration method: Some particles with large diameter were

poured into 24 ml of GPNA solution. A decrease cof GPNA concentra-

tion in bulk solution was measured. 6©ther procedures were the

same as leakage method.

An exact solution for the fraction of solute penetrated at any
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5 6
time, MP, has presented by Crank. ) Carman and Haul ) have re-
ported an appreoximate solution for MP' In this study, diffusion
coefficient of GPNA in acrylamide gel was evaluated by using the

approximate solution given in Eq. (3-8).

- C Y

M, = AQ A . (1 - 1/a) 1 - eerfc{BaYl(DeAt/Rz)l/z}
20 ~ “aw Y1+,
Y2 2.1/2
- eerfd{—3a72(DeAt/R ) h (3-8)
where
v, = (/2 1L + 4760 Y2 (3-93)
Yy T Yy - 1 (3-9b)
and eerfc z = exp zz-erfb z (3-10)

CAO represents the initial concentration of solute. The value of
a was 0.162 in our experiment.
(c) Moment analysis of elution profile of solute in fixed bed :

A moment analysis 6f the elution curve of a solute from the
column, where inactive acrylamide gel beads are packed, can be
utilized to estimate the diffusion coefficient of the solute with-
in the particles.

The inactive beads were packed into a column equipped with a

-6
water jacket (30°C). 0.5 md of 2.6 X 10  mol/1 GPNA solution
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was introduced to the top of the bed as a pulse and eluted with
0.05 mel/l Tris-HCl1l buffer containing 1.0 mcl/1 NaCl and 0.05
mol/1 CaClz. The absorbance of the eluate at 317 nm was continu-
ously measured by using a micro-flow cell equipment. The details

of experimental procedures and analysis of the curve will be de-

scribed in part II.

3. 3. " Theoretical Considerations

4,10-12) have presented approximate expres-

Some investigators
sions of effectiveness factor for Michaelis~Menten rate equaticn
at pseudo-steady state. These expressions are functions of the

13 :
) and the ratic

generalized Thiele mecdulus m proposed by Bischoff
of Michaelis constant to substrate concentration v (= Km/CA). The

generalized Thiele modulus is defined as

6 1 1 1
me — [— + In(l + — %2 {(3-11)
/5 l+v v Vv
where
6 = (V. /5) [Vmax/(Km-DeA)]l/ 2 (3-12)

. 4
Kobayashi et al. have presented the following approximate ex-

pression for effectiveness factor.

E_ + aE
Ef = Y 1 (a =2 6\)0.8)
Y = 2.
1 + a (3-13)
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for sphere

{ 1
E:
o 1

&3]
i

(m < 1/V3)

3

- [1/2 + cos{{¥+4m)/3}] (m > 1/V3)

¥ = cos T[(2/3m°) - 1]

(1/m) {1/tanh (3m) - 1/3m)

(3-16)

(3-17)

(3-18)

Using the effectiveness factor at pseudo-steady state Efm, a de-

crease of substrate concentration in an isothermal batch reactor

is expressed by the following eguation.

W Wi .
max CA

-Efoo.

+
dt Vpp Km CA

Then, an over

all reaction rate r is given by

(3-19)

(3-20)

(3-21)

(3-22)

obs
vep dc -;A'!Vﬁax-c
IObs - _E._\_A_ = Efm....____%.;
w d4at - Km + C
. A
Rearrengement of Eg. (3-20) gives the following equations.
C Fm 1
E, +—2 = + C
foo A
r vmax. Vmax
obs
CA 1 Kni 1 _
= { + CA}
robs Efm Vmax Vmax
Time courses of substrate concentrations. in bulk

Method T

(2
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solution are separately observed by using immobilized enzymes with

two different particle radii, Rl and R2. The initial substrate

concentrations are the same. The dCA/dt values at the same sub-

strate concentration are evaluated by the graphical differentia-

tion, and the overall reaction rates, r and r , are calcu-
obsl obs?2

lated from Eg. (3-20). Since v, = Vo Eq. (3-11) gives the follow-

ing equation.

ml/m2 =0¢,/¢, = Rl/R2 (3- B)
The ratio Efml to Efmz is given by the followirng equaticn from Eq.
(3-20).
E =
£=1/Bgm2 = Tops1/Tobs 2 (3-24)

Kinetic parameters, Km and Vmax, and effective diffusivity of sub-
strate DeA are estimated by the following procedures:
{1) Assume Km' value. The Km value of free enzyme can be con-

veniently used as the Km' value of immobilized enzyme:

(2) Assum
) e m, for each CA.

(3) Calculate m, by using Eq. (3-23), and evaluate E from Eqgq.

feo2
(3-13).

(4) Calculat : . .
ate Efml by substituting m, into Eg.(3-13) and obtain

Efmzl from Eq. (3-24).

(5) Com i i
pare Efuo2 with Efwz" If the difference between E

feo2
and '] ithi issi
Efn°2 1s not within a permissible error eE, assume m

1
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| m, from Eq.(3-23) l lgff.1 fr:n £q.(3-13) ]

I
Lot et | || ey from 03] gy from e (a-2a) |
| ]

PEraz = Erp’l < e¢

YES

|Km and Vmex from Eq.(S-Zl)I

YES

D,y from Eq'(3"11J

Stop

Fig. 3~3. Flow chart for estmating Km, Vmax, and DeA

values by method I.

“again.

The calculations are repeated upntil the difference between Efm2

and Efm2| becames smaller than the permissible error. These cal-

values for each CA By

Culations give the m , m,,s Eg /s and E

A feo2

performing the same calculations for various CA values, Efoo and m
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values are.estimated as a function of CA. Since the relation be-
tween Efm-CA/robs and CA has been given by Eg. (3-21), Km value is
estimated by using the least square method. The Km value is com-
pared with the Km' value. If the Km value does not coincide with
the Km' within a permissible error €’ the Km value is substituted
into the Km' value and the calculations mentioned above are re-
peated until the difference between Km and Km' becomes within the
8ITOT €. The XKm and Vmax values are estimated by these calcula-

tions and hence DeA value is also calculated by using Eq. (3-11).

The flow chart of the method is illustrated in Fig. 3-3.

Method IT Although the method described here requires essen-
tially no change of initial substrate concentration, it may be de-
sirable to estimate accurately kinetic parameters, Km and Vmax,
and effective diffusivity of substrate DeA by using two different
initial concentration of substrate. Assuming that there is no
change of Efm value within a reiatively narrow range of substrate
concentrations, the relation between CA/robs and CA in Eq. (3-22)
are assumed to be linear and Km' value is evaluated. The ratio of
Efml to Efcoz is represented by the following equation from Eq.

(3-20). Efm1 and Ef°a2 are the effectiveness factors for two dif-

ferent substrate concentrations, C

Al and CAZ' respectively.

E = ‘
fmI/Efw2 [(1 + vl)/(l + vz)]-(robsl/robsz) (3-25)
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since the radius of immobilized-enzyme particles used for CAl is

the same as that for CA and hence ¢1 = ¢2, Eq. (3-11) gives the

2

following equation.

m, 1+ 12 [1/\)2 - in(1 + l/\)z)]l/2
—_ = - {3-26)
m ‘

) 1+ v, [1/\)1 - 1n(l + l/vl)ll/2

Kinetic parameters and effective diffusivity of substrate are es-
timated by the following procedures.

{1) Assume m, -

(2) Calculate m, from Eg. (3-26) and evaluate E

5 by using Eq.

fw2
(3-13).

- e g '
{3) Calculate Efwl from Eq. (3-11) and then obtain Efoo2 from

Eg. (3-25).

(4} Compare E with E_ _'. If the difference between E

feo2 foo2 foo2

5 is over a permissible error e_, assume m, again.

and Efm B 1

(5) The m., m

1 ‘ Efml, and E values are determined when the

2 fol.

difference between E d ' becomes smaller than the

fop 204 Eeop

error e.. By substituting E_. wvalues into Eq. (3-22), Vmax

foo
is evaluated. Substitution of m, Vmax, and Km wvalues into
Eq. {3-11) gives DeA value.

(6) Ep"Cp/T s Values are ploFted against C, values by using
Eq. (3-21) and then Km and Vmax values are obtained. Com-
pare Km value with Km' value. When the difference bétween

Km' and Km values is over a permissible error e Km value

Kl’
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Calculate approximate
Michaelis constant, ¥m'

a|
DO 1,
[ Aosee o |
—1
] m, from :;T;a-zs) I I Epq from Fq.(!-lssg]

| |
[45.- +1a 1 [E;:é fron sq.(3-13)| | €, from zq.(a-igi]
| ]

YES

L&m and VYmax from Eq.(3-21)—|

——

YES

| 9en from £a. (-1 |

- Fig. 3-4. Flow chart for estimating Km, Vmax, and De

y:
values by method II.

is substituted into Km' value and the above calculations

are repeated.

Figure 3-4 shows the flow chart for method II.
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3. 4. Results and Discussion

Table 3-1 shows the kinetic parameters of a-~chymotrypsin immo-
bilized onto firebrick particles and the effective diffusivity of
GPNA. The values are estimated by method I and by approximating
the shape of particle to be spherical. The walues estimated may
be reasonable because of the Km value of the free enzyme (1.81 X
10-4 mol/1l), of the molecular diffusivity of GPMA (in a ofder of
10'_5 cmz/s), of the tortuosity factor of the particle (in a range
of 3 - 5), and of the porosity of the particle (about 0.5). Fig-

ure 3-5 illustrates a comparison of experimental data with the

Table 3-1. Kinetic Parameters of o-Chymotrypsin Immo-
bilized onto Firebrick Particles and Effective Diffu-

sivity of GPNA Estimated by Using Method I.

2
dp,ave [em] Efw,ave [-3| km [mo1/1] | Vm [mo1/1-s] Dep [em™/s]
0.0505 0.945 4 & 6
1.12 X 10 3.33 X 10 2,18 X 10
0.0775 0.873
0. 0505 0.915 4 P P
) 1.74 X 10 3.90 X 10 2.13 X 10
0.1095 - 0,679
0.0505 0.932 4 iy 6
2.93 X 10 4.93 X 10 3.43 X 10
0.1545 0.601
0.0775 0.899 - -6 6
- 0.50 X 10 2,70 X 10 2.18 x 107
0.1545 0.601
0.1095 0.870 » 6 6
. 2.49 X 10 3.55 X 10 6.43 X 10
0.1545 0.765
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Fig. 3-5. Comparison of experimental data with the
¢turves calculated by using the parameters estimated
by method I. The values of parameters used in cal-
cilation are listed in the figure. «o-Chymotrypsin

was immobilized onto firebrick particles.

curves calculated from Eg. (3-19) by using the Km, Vmax, and DeA
values estimated by method I. As shown in the figure, the calcu-
lated curves coincide well with experimental data. The curves

calculated by using the values estimated for a certain set of ra-
dii, however, do not always express the experimental data for an-
other set of radii. This discordance may be due to that the dis-
tribution of the enzyme in firebrick particle is different for

various radii.

Table 3-2 shows the kinetic parameters of o—chymotrypsin immo-

bilized onto firebrick particles, which were estimated by method
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Table 3-2.

Kinetic Parameters of o-Chymotrypsin Immo-

bilized ontc Firebrick Particles and Effective Diffu-

sivity of GPNA Estimated by Using Method II.

2

dp,ave [em] CAo [mo1/1] | Km [mo1/1] | Vmax [mol/1-s] DeA [em“/s]

3.52 x 107 4 4.8 x w0t | 707 x10°

0.0505 1 2.91 x 10 ~ =
0.88 X 107 5.48 X 10°° | '8.05 X 10

3.52 X 107 4| 568%x107° | 5.85x10°

0.0775 ——1 3.62 x 10 — =
0.88 X 10 6.12° x 107 6.98 X 10

3.52 x 1074 o) 28 x10® | 378 x 00

0.1095 1 0.98 X 10 = =
0.88 X 10" 3.77 X 10 5.10 X 10

ITI. Figure 3-6 illustrates the time courses of substrate concen-
tration, which were calculated by using the values estimated for

the particle with a diameter of 0.0505 em. The curves calculated

by using the parameters estimated for a low substrate concentration
are over the experimental data. This may be due to that the Vmax
and DeA values estimated are larger than the intrinsic values.
Table 3-3 shows the kinetic parameters of o-chymotrypsin en-
trapped into acrylamide gel and the effective diffusivity of GPNA.
The values are estimated by method II. Vmax and DeA values list-
ed in the table are mean values of those estimated for high and
low substrate concentrations. The Km and Vmax values obtained by
using the granulated immobilized.u-chymotrypsin and DeA values
estimated by three different procedures are also listed in Table

3-3. Figure 3-7 shows the curve calculated by using the parame-
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Fig. 3-6. Comparison of experimental data with the
curves calculated by using the parameters estimated by
method II. a-Chymotrypsin immobilized onto firebrick
particles was used as a catalyst. The solid and broken
curves were calculated by using the parameters estimated

when C, = 3.52 X 1074 mol/l and when C, = 0.88 X 1072

mol/l, respectively.

ters estimated when dP = 0,0538 cm. The so0lid curve is calculated
by using the parameters estimated by method II. On the othe;
hand, the broken curve is obtained by using the Km and Vmax values
estimated by using granulated immobilized enzyme and the DeA value
estimated by moment analysis of elution curves of GPNA in a column
packed with acrylamide gel containing no enzyme. Both the solid
and broken curves coincide fairly well with the experimental data
in Fig. 3-7.

Figures 3-8 and 3-9 show. the concentration profiles in tubular
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Table 3-3. Kinetic Parameters of Acrylamide Gel Entrop-
ped a-Chymotrypsin and Diffusion Coefficient of GPNA Es-
timated by Using Method II and Granulated Gel and Physical

Methods.

Run No. Method km [mo1/1] Ymax [mol/1-s] Dea [cmzls]
1* | Metnod 11 |3.86 x 1070 | 2.89 x 107® 3.54 x 1070
2 Method 11 [ 4.23 x 107* | 6.45 x 1078 5.82 X 107
Method 11 | 3.42 X 107 | 2.27 x 1070 7.15 x 107®

’ Granulated | 3.29 X 107 | 4.20 x 1078 -
Method 1T {1.76 X 107 | 2.38 x10% | 14.4 x10°®

* Granulated | 2.20 X 10°% | 6.40 x 107® -
Method 11 | 3.23 x 1074 | 3.77 x 1078 4.38 X 107°

° Granulated | 3.70 X 107% | 549 %10 | - .
Method II | 0.94 X 107% [ 22.2 x 1078 0.88 X 1078

i Granulated | 2.25 X 107 | 2.67 x 1078 :
Leakage method 0.82 X 10~°
Penetration method 1.90 X 10°6
Moment aralysis 2.48 x 10”6

* The amount of enzyme entrapped was a half of that in other runs.

reactors packed with a-chymotrypsin immobilized onto firebrick
particles. The profiles were observed at various flow rates. The
curves in Figs. 3-8 and 3-9 were calculated from the Km, Vmax, and
DeA values estimated by methods I and II, respectively. In Fig.
3-9, the solid and brdken curves represent the result calculated
with and without consideration of film mass transfer resistaﬁca.

Under the experimental conditions, the film mass transfer resist-
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Fig. 3-7. Comparison of experimental data observed in

run 5 of Table 3-3 with the calculated curves. o-Chymo-
trypsin was entrapped into acrylamide gel. The solid

curve was calculated by using the parameters estimated
by method IXI. ' The broken curve was obtained by utiliz-
ing the kinetic parameters estimated by using granulat-
ed immobilized enzyme and the D _ value estimated by

monent analysis.

ance is not significant. Figures 3-8 and 3-9 show that the.para-

meters estimated by both methods I and II using an isothermal
batch reactor can be conveniently utilized for designing a tubular
immobilized-enzyme reactor.

The two methods proposed here can estimate conveniently the Km
and Vmax values of immobilized enzyme and the diffusivity of sub-
strate by using experimental data observed in a batch reactor.

The methods, however, possess some limitations. Both methods I

and II can not be utilized when the reaction catalyzed by immo-
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Concentration profiles in tubular immobilized-

a-chymotrypsin reactor. The curves were calculated by
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Comparison of experimentally obtained concen-

tration profiles in tubular reactor with profiles predict-

ed by using the parameters estimated by method II. The

sclid and broken curves were calculated with and without

consideration of film mass transfer resistance.
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Fig. 3-10. Relation between v, and ml/m2 when CAl = n-CA2
(n > 1).

bilized enzyme is within reaction- and diffusion controllings.

The methods are effectively used in a range between reactionf and
diffusion controllings. Methed I can not be utilized when the ra-
dii of two particles are close each other and the ratio of dCA/dt

value for Rl to that for R2 falls within the margin of error of

graphical differentiation. In method II, the initial substrate
concentrations must be changed with a certain range. When CAl and

CA2 are chosen as two different substrate concentrations and CAl =

n-C (n > 1), the relation between v =
A2 ' en v, ( Km/CAZ) and ml/m2 are

obtained from Eg. (3-26) as shown in Fig. 3-10. When Michaelis-

Menten equation can be approximated to be of first-order, that is,

CAZ << Km, ml/m2 approaches to 1.0. Wwhen CA2 >> Km, Efml/

Therefore, both methods can not be utilized in such regions.

Efwy ™
1.0.

When we use immobilized enzymes as industrial catalysts, large

amounts of enzymes may be, in many cases, immobilized and apparent
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half-lifes of the catalysts are elongated. The reaction catalyz-
ed by any enzyme prepared under such conditions may be between
reaction- and diffusion controllings. When the reaction is in
such a region, it is important tc estimate kinetic parameters of
the immobilized enzyme and the effective diffusivity of substrate.
The usual procedure to estimate the parameters by uéing granulat-
ed immobilized-enzyme is complicated and does not always'give the
intrinsic kinetic parameters because of denaturation of the enzyme
during granulation. There have been no methods to estimate the
effective diffusivity of substrate through immokilized-enzyme par-
ticles. From above discussion the proposed methods ﬁay be excel-
lent methods to estimate kinetic parameters, Xm and Vmax, and ef-

fective diffusivity De simultaneously, although they possess

A

some limitations.

3. 5. Summary

Two methods for simultaneous estimation of kinetic parameters
of any immobilized enzyme, Km and Vmax, and the effective diffu-
sivity of substrate DeA were proposed. The methods were applied
to estimation of the Xm and Vmax values of a-chymotrypsin immobi-
lized into firebrick particles and acrylamide gels and the D
value of the substrate.  The time courses calculated by using the

Parameters estimated by both methods successfully represented the

eXperimental data. The tubular immobilized-a-chymotrypsin reac-
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tor could also exhibit the performance predicted by using the

parameters estimated.

Nomenclature

concentration of component A in mobile phase
concentration of component A at the surface of

catalyst.

- effective diffusion coefficient

diameter of the particle

steady state effectiveness factor
Michaelis constant

film mass transfer coefficient
generalized Thiele modulus

radius of the bead

overall reaction rate

surface area of a particle

time

_Superficial linear velocity

volume of the solution
maximum reaction rate
volume of a particle
weight of the beads

axial distance
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[mol/1]

[mol/1]
[om®/s]
[cm]

(-1
[mol/1]
[em/s]
(-1

{cm]
[mol/l-s]
Ecm2]

[si
[em/s]
(em”)
[mol/1+s]
[em’]

ig]

[cm]



- [-]
o W/(VDP)

€, void fraction of the bed [-1
v = Km/CA (-]
. 3

pp apparent density [g/cm™ ]
_ . 1/2 _

¢ = (VP/SP)[Vmax/(Km DeA)] [-]
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Chapter 4
Effects of Gel Constituents on

Immobilized-Enzyme Reaction

4. 1. Introduction

It is known well that immobilization of enzymes often causes
some changes of kinetic properties of the enzymes. 'These-changes
have been ascribed to (1) ununiform distribution of substrate in
outer and inner phase of immobilized enzyme caused by finite dif-
fusion velocity of the substrate,l) (2) the difference of electro-
static potential between outer and inner phases due to the charge
of carrierz) and (3) chemical modification of enzyme- due to cova-
lent attachment to carrier.3) In these explanations, a premise is
implied that the presence of carrier constituents in a high con-
centration does not affect the intrinsic kinetic properties in in-
ner phase of the immobilized enzyme.

It is very difficult to investigate the interaction between an
enzyme and its carrier using the immobilized enzyme itself. One
alterhative way to overcome this difficulty may replace an immo-
bilized enzyme reaction system Qith the model system, in which
the enzyme reaction runs in a medium containing a polymer, the
Ccomponent of carrier.

Laurentd) and Mattiasson ét al:s) examined enzymic reactions in
polymer media. They explained the change of the Michaelis con-

stant by the exclusion effect and that of the maximum reaction
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rate by the sieving effect when the molecular weight of substrate
was high.

In this chapter an attempt is made to investigate the interac-
tions between glucoamylase and a neutral polymer, dextran or a
nedatively charged polymer, dextran sulfate, which are the compo-
nents of supports extensively used for immobilization of enzymes.
Since glucoamylase is positively chargeds) under the reaction con-
ditions, the effect of electrostatic attraction of dextran sulfate
can be expected. The interactions were studied in terms of the
change of kinetic properties of the enzyme reaction with maltose
in the presence and absence of dextran and dextran sulfate.

Characteristics of immobilized enzyme by ionic linkage was also
studied using glucoamylase onto SP-Sephadex C-25 and C-50 as model
system. Experimental as well as theoretical considerations were
made on the pH profiles of the rate constant ko(app) and the

Michaelis constant Km(app).

4. 2, Materials and Methods

Materials. Glucoamylase was purchased from Seikagaku Kogyo
Co. To check the contamination with a-amylase in the enzyme pre-
paration, the relationship between the decrease in blue value
(percentage of absorbance of iodine color to that of initial one)

and i i i
the increase in reducing value (percentage of glucosidic 1ink-

age cleaved) was studied by the same method as described by
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Tsujisaka.6) Amylose (the degree of polymerization = 600) was
used as a substrate for the enzyme reaction. The plot of blue
value versus reducing value gave a linear line having a negative
slope represented by an equation, blue valve (%) = 100 - reducing
value (%). Since this means that the enzyme was free from a-amy-
1ase,6) the enzyme was used without further purificétion. The
enzyme concentration was determined spectrophotometricaliy using
the molecular weight of the enzyme, 56,000 and the absorption co-
efficient, E;Zo 13.6 cm-l.7)

Maltose was purchased from Wako Pure Chemical Industries Ltd.
The preparation was used without further purificatioﬂ since the
amount of glucose and maltotriose contained as impurities were so
small that they did no hindrance in our experiments.

Dex£ran and dextran sulfate (sulphur content = 17 + 1%) were
obtained from Pharmacia Fine Chemicals Ltd. and their weight-av- -
erage molecular weights were 70,000 and 500,000, respectively.

The dextran sulfate included two or three sulfate groups per glu=
Cose residue.

SP-Sephadex C-25 and C-50 we?e also obtained from Pharmacia Fine

Chemicals Ltd. Both ion exchangers have the capacity of 2.3 + 0.3

Meqg./g. SP-Sephadex C-25 has a higher degree of cross-linkage

than C-50.

Enzymic reaction in dextran or dextran sulfate solution The
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reaction was allowed to run in most case at pH 4.5 with 0.05 mol/1

acetate buffer at 25°C in a test tube immersed in a thermostati-
cally controlled water bath. Britton-Robinson buffer (0.029 mol/
1)8) was used for measurement of pH dependency of the enzyme ac-
tivity. The effect of dextran sulfate on the kinetic parameters
was examined with 0.0l mol/l acetate buffer.

Two ml of the enzyme solution was added to the mixture of 4 ml
of maltose and 6 ml of buffer, dextran or dextran sulfate soclution.
Dextran or dextran sulfate was dissolved in the same buffer as
maltose and enzyme. The maltose concentration was in the range of
0.28 to 4.16 mmol/l. At appropriate time intervals (usually 1
min}), 1 ml of the reaction mixture was removed from the reaction
vessel and put into 1 ml of 0.5 mol/l1 NaOH solution to stép the
reaction. Scores of minutes later, 1 ml of 0.5 mol/l acetic acid
0.5 ml of
and 1 mol/1l phosphate buffer were added to the sampled soluticn
and the pH of the solution was adjusted to 6.5. The amount of

glucose produced was determgned by Glucostat method.g)

Fluorescence measurements. Fluorescence measurements were

performed in 0.05 mol/l acetate buffer (pH 4.5) at 25°C with a

spectrofluorometer (Union Giken Ltd. High Sens. Spectrofluorome-

ter FS 401). The fluorescence spectra of glucoamylase in the pre-

sence and absence of dextran were measured at the wavelength of

excltation, 280 nm. The wavelength of emission was scanned from

78



300 nm to 400 nm. If the fluorescence intensity of an enzyme
changed by binding of a ligand to the specific site of the enzyme,
the dissociation constant of the enzyme-ligand complex can be es-
timated by measuring the change in fluorescence intensity of the
enzyme solution due to the change in the ligand concentration.
This method is generally called the fluorescence titfation.lo)

The fluorescence titration of glucoamylase with dextran was car-
ried out at constant concentration of the enzyme by the successive
dilution method,lo) as follows: a definite amount of glucoamYlase-
dextran mixture was withdrawn from a cuvette after the first meas-
uwrement had been made, and the same volume of the enzyme solution
was added to the cuvette tc give a lower concentration of de;traq.
The wavelength of excitation and emission for flucrescence titra-
tion experiment were 285 nm and 340 nm, respectively. The enzyme

solution was used as a standard to correct for instrumental signal

drift with time.

Measurement of dielectric constant. The dielectric constant
of dextran solution of varicus concentrations were measured on TC-
1C Ratio Arm Transformer Bridge (Ando Denki Co.) at 25°C in the
£ 11)
requency range of 0.1 to 1.0 MH=z.

The dielectric constants for .methanol solution were estimated

by interpolating from the published values.?
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Immobilization of glucoamylase. Glucoamylase was immobilized

to SP-Sephadex C-25 and C-50 by ionic linkage. The ion exchangers
were adequately equilibrated with an acetate buffer and lyophiliz-
ed. Approximately C.03 g of the lyophilized SP-Sephadex was accu-
rately weighed and swollen for two days with 5 ml of the buffer in
a test tube (I.D. 22 mm). Twenty ml of glucoamylase solution of
appropriate concentration was added and equilibrated under magneti-
cal sﬁirring at 25°C. After adsorption reached equilibrium, 5 ml
of the outer solution was taken to determine the enzyme activity
in it with maltose as substrate.' The amount of glucocamylase im-
mobilized to SP-Sephadex was estimated from the difference between

the initial amount and that in the outer solution.

Dgtermipation of kinetic parameters of immobilized glucoamylase.

gy’addition of_5 ml of maltose to 20 ml of an immobilized glu-
coamylase suspension, the reaction was allowed to run under condi-
tions where the intraparticle and film diffusion resistances of
the substrate were ignored. At appropriate time intervals, 0.5 ml
of the outer solution was sampled from the suspension through a
pipette equipped with a glass filter (Top G-2), and the amount of
glucose produced was determined by Glucostat method.g)

The time

course usually included eight points. To estimate the reaction

velocity of the immobilized enzyme, increase of the enzyme concen-

tration resuiting from decrease in volume of the outer solution
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due to sampling was corrected. The reaction velocity of the im-
mobilized glucocamylase was determined by subracting the activity
due to the enzyme in the outer solution from that of the immobi-
lized enzyme suspension. The initial concentration of maltose
was in the range of 0.5 mmol/1 to 10 mmel/l. The apparent Micha-
elis cpnstant Km(app) and the apparent rate constant of_degrada—
tion of maltose ko(app) of immobilized glucoamylase Qere estimat-—
ed by Hofstee plot. The pH and ionie strength of acetaterbqffer

were varied, and Km{app) and ko(app) were obtained.

Water regain. The SP-Sephadex swollen adéquatély in a buf-
fer was filtered through a glass filter (Top 4G-2). ' The water
regain of the ion exchangers was calculated from the difference

between the wet weight and the dry weight.

4, 3. Theoretical Considerations

Estimation of pH in ion exchanger. To predict the kinetic
pafameters of immobilized ehzymes, the pH in ion excﬁangers must
be known. The following assumptibns were made to estimate pH in
ion exchangers theoretically; (1) Donnan's equilibrium is estab-
lished between the phase of ion exchanger and that of the outer
solution,z) {2) the effect of:éhafge of glucoamylase on the equi-~
librium is negligible since the amount of the enzyme loaded to

the ion exchanger is small and (3) the activity coefficients of
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ions in the ion exchanger phase are the same as those in the outer

solution phase. The difference petween the electrostatic poten-

tial in the ion exchanger phase and that in the outer solution

phase, A¢, is expressed by the following equations with regard to

the component i of acetate buffer.

Ad = RTIn (cH+/EH+) - M+ (4-1)
A$ = RTIn (cNa+/ENa+) - W+ (4-2)
A¢ = RTln (——CHBCOO-/ c:c1-13c:00') * HVCHBCOO— (4-3)
A¢ = RT1n (EOH-/COH—) + MV - (4-4)

where R is the gas constant, T the absolute temperature, Il the
swelling pressure and Vi the partial molay volume. C and C denote
the concentrations in outer solution phase and in ion exchanger
phase, respectively. Since the electromeutrality must be held in

the ion exchanger,

CR- + CCH3COO~ + COH— = CNa+ + CH+ (4-5)

where CR— is the concentration of ionogenic sulfopropyl group in
the ion exchanger and can be calculated from the exchange capac~
ity, the density and the water regain of the ion exchanger. The
pressure term HVi can be ignored because the Vi values are small.
From Egs. (4-1) - {4-5), the concentration of hydrogen ion in the

ion exchanger CH+ is given by Eq. (4-7)
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= = 2 L .1/2
. CR * fCR * 4(CH+ * CNa+)(CCH3COO )]
2[1 + (Cat/Cyt)]

Thus, the pH in the ion exchanger can be calculated from the con-

centration of each component in the ocuter solution.

4, 4. Results and Disdussion

Reactions in dextran solution. In order to examine the ef-
fect of dextran on the glucoamylase-catalyzed reaction, the Micha-
elis constant Km and the rate constant kO during the course of
degradation of the enzyme-substrate complex were determined in
dextran solutioné of various concentrations. The Hoffstee plots
are shown in Fig. 4-1. As shown in Fig. 4-1, the Km value is

constant, while the k,_ value decreases with the increasing dextran

c
concentrations. These results suggest that dextran is apparently
a noncompetitive inhibitor of glucoamylase.

Then, the ratio of the maximum velocity in the presence of dex-

tran VmD to that in the absence of dextran Vm is given by
D .
vm/Vm = 1 + CI/Kl (4-7)

where CI and Ki are the inhibitor concentration and the inhibitor

constant, respectively. Figure 4-2 shows the linear relationship
D

between Vvm/Vm and CI' The Xi value was calculated as 34% (w/v).

Since the noncompetitiﬁe inhibition of dextran seemed some-
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" Pig. 4-1. Hofstee plots for the hydrolysis of maltose
by glucoamylase in dextran solutions. The reaction was
allowed to run at pH 4.5 with 0.05 mol/l acetate buffer
at 25°C in 0%(()), 5% (A), 10%([]) and 15%(7) dextran

solutions. The enzyme concentration was 5 X 10_7 mol/1.

what peculiar, other factors by which this phenomenon could be
explained were sought for. Ono et al.l3) reported that in a
bacterial a-amylase-catalyzed reaction the ko‘value decreased

with the decrease of the dielectric constant of the sclution,
whiie the Km value was kept constant. According to Moriyama et
al.,ll? the dielectric constant of dextran solution decreased with
the increase of dextran concentration. A well established theory
14)

about the influence of dielectric constant on the enzyme reac-

tion suggests a linear relationship between Km value and the re-

84



[-]

1 | .

Vm/Vm

1 1 :
00 10 20
Concentration of dextran [%(w/v)]

. .. D .
Fig. 4-2. Plot of Vvm/Vm versus concentration of dex-
tran. The intercept of ordinate gives the Ki value 34

% (w/v).

ciprocal of dielectric constant £ and that between ko value and
l/e. Figure 4-3 shows p1§ts of the logarithms of ko and Xm val-
ues obtained in dextran solutions versus l/e. In Fig. 4-3, the
same plots oﬁtained in methapol solutions of various concentra-
tions are also shown to be‘compared witﬁ those in dextran-solﬁ—
tions. Although the straight lines were obtained, the tendency

of the k0 value in dextran solution was different from that in
methanol solution. Accordingly, it is concluded that the decrease
cf the ko value in the presence of dextran can not be explained

by the change of dielectric constant of the solution.

The exclusion and sieving effects were also rejected since the
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Fig. 4-3. Plots of log(l/Km} and log ko versus the
reciprocal of the dielectric constant of dextran ()

and methanol (A) solution.

¥m value did not change with dextran concentrations. The binding
of dextran to glucoamylase was confirmed by fluorescence titration

of the enzyme with dextran as shown later.

Reactions in dextran sulfate sclution. In order to examine
the effect of ployelectrolyte on the glucoamylase-catalyzed reac-
tion, the ¥Xm and k0 values were estimated in dextran sulfate solu-
tion at pH 4.5, 4.0 and 3.5 with 0.01 mol/l acetate buffer. The
results are shown in Fig. 4-4, The dependency of the Km and ko

values on dextran sulfate concentration is not observed at pH 4.5
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Fig. 4-4. Dependency of kinetic parameters on concen-
tration of dextran sulfate at pH 3.5, 4.0 and 4.5 in
0.01 mol/l1 acetate buffer at 25°C.

and 4.0. At pH 3.5, however, the kinetic parameters depended re-
markably on dextran sulfate concentration. As shown before, the

ko value decreased in dextran solution at pH 4.5. These findings
suggest some interaction between the enzyme and negatively charg-

ed dextran sulfate.

PH-activity curves. Figure 4-5 shows the pH-activity curves
in the hydrolysis of maltose with glucoamylase obtained in 0.029
mol/l Britton-Rebinson buffer, dextran and dextran sulfate solu-
tion. There is not a large difference between the curves obtain-
ed in the buffer and dextran soluﬁion, while the pH optimum in
dextran sulfate solution shifts slightly to an alkaline pH. The

decrease of the activity in dextran sulfate solution below pH 4.0
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Fig. 4-5. pH-activity curves in the hydrolysis of mal-
tose by glucoamylase. The enzyme and maltose concentra-
tions were 5 X 10_7 mol/1 and 1.11 X 1of2 mol/l, re-
spectively. (O, 0.029 mol/l Britton-Robinson buffer; A,
10% dextran; [J, 0.5% dextran sulfate.

is considerably great as compared with that obtained in the buffer
solution. These results also indicate that there might be some

interactions between the enzyme and dextran sulfate.

Spectrofiuorometry. The fluorescence spectra of glucoamylase
in 0.05 mol/l acetate buffer and dextran solution are shown in
Fig. 4-6. The peak of fluorescence intensity appeared near 350 nm
in both cases. The relative fluorescence intensity clearly de-

creased by the addition of dextran. The fluorescence peak near
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Fig. 4-6. Fluorescence spectra of glucoamylase in 0.05

mol/1l acetate buffer (pH 4.5) at 25°C. The gluccamylase
concentration was 1.31 X 10_6 mol/l. Samples were ex-

cited at 280 nm in acetate buffer ( ) and B.4%1{%/v)

dextran (----) solution.

350 nm may be due to tryptophan residure, which is located at the

. . '15)

first subsite of the enzyme.
Supposing the binding of dextran to glucoamylase, the fluores-

cence titration of the enzyme with dextran was performed. Binding

equilibrium between free enzyme E and dextran D is

E+D —.‘.& ED : (4-8)

where Kd and ED represent the dissociation constant and the gluco-
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Fig. 4-7. Plot of.CD/AF‘versus Concentration of dex-
tran for fluorescence titration of glucoamylase with
dextran at pH 4.5 and 255C. Giuéoamylase concentra-
tion; 1.33 X 107° mol/1; wavelength of excitation,

285 nm; wavelength of emission, 340 nm.

amylase-dextran compléx, respectively. Then, the difference of
the fluorescence intensities in the presence and absence of dex-
tran, AF, is expressed by Eq. (4-9) as a function of the total en-
zyme concentration CEO (free plus bound) and dextran concentration

CD.

CD/AF = cD/(f-ch) + Kd/(f-CEO) (4-9)

where f is the difference between the molar fluorescence intensi-
ties of the enzyme E and bound enzyme ED. The nonspecific decrease

of fluorescence intensity with increase of the concentration of
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dextran might be included in the results of titration. L-Trypto-
phan ethyl ester is considered as model compound of the first sub-
gsite of gluccamylase, and considering the nonspecific decrease
evaluated from the decrease of flucrescence intensity of L-trypto-
phan ethyl ester in dextran solution, the results of titration ex-
periment were corrected.

As shown in Fig. 4-7, CD/AF is proportional to CD and fhe Xd
value is calculated as 34%(w/v). This value coincides with the
Ki value obtained by the inhibition experiment. Thus, the binding
was again confirmed.

Fluorescence spectra seem to indicate that the binaing of dex-
tran occurs at the first subsite of gluccamylase which is the
subsite adjacent to the catalytic site. This finding suggests a
competitive inhibition of dextran, whereas the kinetic experiments
clearly showed a noncompetitive inhibition. This conflict is re-

6)

solved by applying the subsite theory.l The details are shown
in Appendix.

The effect of dextran on the glucoamylase-catalyzed maltose
hydrolysis appeared as the decrease of maximum reaction rate. This
effect could be explained neither by exclusion and sieving effects
nor by the decrease of dielectric constant of solution, but it
¢tould be understood by the noncompetitive binding between gluco-

amylase and dextran. The concentration of dextran, the carrier

Component, is about 10%(w/v) when Sephadex G-~100 is used as a car-
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rier of immobilized glucoamylase. The lowering of the reaction

rate is at most 30%.

The significant change of kinetic parameters in dextran sulfate
solution may be due to the electrostatic effect. Thus, the appar-
ent kinetic parameters of glucoamy lase immobilized on a cation
exchanger may be influenced not only by the change of pH inside

the carrier but also by the electrostatic interaction between

charge of the enzyme and that of carrier.

Kinetic parameters of immobilized glucoamylase. The rate
constant of degradation of maltose ko(app) and the Michaelis con-
stant Km(app) of glucoamylase immobilized onto SP-Sephadex C-25
and C-50 were estimated at various pH values using 0.0l mol/1l and
Q.05 mol/l acetate buffer. The ko(app) and Km(app) are shown in
Fig. 4-8 against pH of the outer solution together with ko and Km
of free glucoamylase. Since the ko and Xm of free glucoamylase
did not depend on the ionic strength of the buffer, the ko and Km
in this study were determined using 0.0l mol/l acetate buffer.
The ko(app) and Km{app) are considered to be true kinetic parame-
ters for the immobilized glucoamylase, becanse the reaction was
allowed to run under the conditions where the intraparticle and
film diffusion resistances of the substrate could be ignored.

It has been presented that the effect of the constituent of
Sp-Sephadex on the kinetic parameters is negligible. The shift
of pH dependency of ko(app) to alkaline pH was observed and there
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Km,Km{app) [mmol/1]

35 40 &5 50 55

Fig. 4-8. Plots of the kinetic parameters of free and
immobilized glucoamylase versus pH in outer solution at
25°c. @, free glucoamylase; (), immobilized to SP-
Sephadex C-50 in 0.01 mol/l acetate buffer; [], to C-50
in 0.05 mol/l and A, to C-25 in 0.0l mol/l.

was a considerable difference between Km and Km(app). As many in-

vestigatorsz’l7’18)

have pointed out, these results seem to be due
to a difference between pH in the ion exchanger and that in the
outer golution. We tried to estimate pH theoretically in the ion
exchanger and to replot these results against the estimated inner
PH. The water regain Wr of SP—Seéhadex C-25 and C-50 was measured
at various ionic strengths. 1In Fig. 4-9, Wr is plotted against

the concentration of sodium ion. The highly cross-linked SP-Sepha-

dex C-25 gave a lower watexr reéain than C-50. .In Fig. 4-10, the
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Fig. 4-9. Water regain of sp-Sephadex C-25 and C-50.

The acetate buffer with variocus pH values was used.

kinetic parameters of the immobilized glucoamylase are replotted
against pH in the ion exchanger, which was estimated using Eq.
(4-6). The relation of kinetic parameters of the immobilized glu-
coamylase to pH in the ion exchanger is in a fairly good agreement
with that of kinetic parameters of the free enzyme to pH in the
outer solution. This implies the appropriateness of application
of Eq.{4-6) in estimating the pH in the ion exchanger.

From a view point of industrial application of the immobilized
glucoamylase, the experimental results obtained were summarized in
relation to a fraction Y of glucoamylase adsorbed and a fractional
retention of the enzyme n, which are defined as the ratio of the
amount of the enzyme adsorbed to SP-Sephadex to the initial amount
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Km,Km(app) [mmo1/1]

pH

Fig. 4~10 Plots of the kinetic parameters of immobilized
glucoamylase versus pH in SP-Sephadex. The pH in the ion

exchanger was evaluated by Eq. (4-6). The symbols are the

same as used in Fig. 4-8.

of the enzyme and the ratio of Y(kg(app)/Km(app)) value of the im-
mobilized glucoamylase to (kO/Km) value of the free enzyme obtain~"
ed at optimum pH 4.5, respectively., n is slightly different from
"true" fractional retention of the enzyme activity, Y(ko(app)/ko)

19)

defined by Yamane. In Fig. 4-11, Y and n axe plotted against
PH in the outer sclution. Figure 4-11 shows that the operations
are the most advantageous at pH 5.5, 5.0 and 4.53.in the SP-Sepha-

dex C-25%0.01 mol/l acetate buffer system, in C-5000.01 mol/l sys~
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Fig. 4-11. Relations of ¥ and n to pH in outer solution.
The ¥ and n were defined in the text. The symbols are

the same as used in Fig. 4-8.

tem and in C-500n0,05 mol/l system, respectively.

4. 5. Summary

The hyarolysis of maltose by glucoamylase (EC 3.2.1.3 from
Rﬁizopus niveus) was carried out in the presence and absence of
dextran and dextran sulfate, which are the components of supports
of immobilized enzymes. The interaction between dextran and the
enzyme was observed by the fluorescence spectrophotometry. The
kinetic and fluorescence éxperiments indicated that dextran bound
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to glucoamylase and was apparently a noncompetitive inhibitor of
the enzyme. The dissociation constant of the enzyme-dextran com-
plex was estimated to be 34%(w/v). The reaction rate was hardly
affected at pH 4.0 and 4.5 by addition of dextran sulfate, while
the kinetic parameters depended considerably on the‘conceﬁtration
of dextran sulfate at pH 3.5. These findings indicated that there
might exist some interactions between the enzyme andidexfran sul-
fate.

Glucoamylase was immobilized to SP-Sephadex C-25 and C-SO‘by
ionic linkage. The kinetic properties of the immobilized gluco-
amylase were gquantitatively investigated using maltoée as sub-+
strate. The change of kinetic parameters, ko and Km, due to irmo-
bilization was explaned in terms of decrease of pH in the ion ex-

changer, which was estimated from Donnan's equilibrium.

Appendix

According to the subsite theory,l6) glucoamylase has seven sub-
sites and the subsite affinities of the first subsite to the sev~:
enth one are 0.00, 4.85, 1.59, 0.43, 0.22, 0.11 and 0.10 kcal/mol,
respectively. The catalytic site is located between the first and
the second subsites.

The reaction scheme is as follows: (1) Dextran binds specifical-
ly to the first subsite as suggested by fluorescence spectrum.

(2) Maltose binds to the enzyme in productive and nonproductive
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modes. (3) When dextran occupies the first subsite, maltose can

bind to the enzyme only nonproductively. This scheme is ex-—

pressed in Egs.{4-10) to {4-13).

k
E+ S .%ESI—LE + P (4-10)
]
E+ S _‘_ﬂ_-. E82 (nonproductive) (4-11)
E+D == gD (4-12)
. Km' .
ED + S === EDS (nonproductive) (4-13)

where Km, Km' and Ki represent the dissociation constants of Esl,
E52 or EDS, and ED complexes, respectively. It is pointed out

that these equations do not include noncompetitive inhibition
scheme but posgess competitive one potentially when maltose was

used as a substrate. Then, the reaction rate rs is given by

_ k6 Ce0"Cs
frs = ( (4-14)
Kn(l + C_ /Km + C LS i + . i +Km'
s/ S/Km cI/m . CS/KJ. Km')

The Km and Km' values can be calculated using the above subsite

affinities. Since the calculated Km value is far greater than the
calculated ¥m' value, the CS/Km term in the denominator of Eq. (4-
14) can be neglected as compared with the CS/Km' term. Then, the

reaction rate is approximated by Eq. (4-15),
k_+Km'- .
- 0" X' *CpyCq
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This equation clearly shows the noncompetitive inhibition scheme.

If the substrate is higher oligomer than maltose, the Km value is

the same order as the Km' value. Then, noncompetitive inhibition

may not appear.

Nomenclature
C concentration in outer sclution phase [mol/l];[%(w/v)]
c concentration in ion exchanger phase [mol/1]
P fluorescence intensity ' -1
£ difference between the mclar fluorescence intensities

g /¢ &

~
(=)

s

vm

Wr

of the free enzyme and bound enzyme [1/mol]
dissociation constant [%(w/v)]
inhibitor constant [% (w/v)]
Michaelis constant [mol/1]
rate constant : [S—l]
gas constant [J/K*mol]
reaction rate [mol/1-s]
absolute temperature ' [X]
maximum reaction rate fmol/1l-s]
partial molar volume ' [1/mol]
water regain o [g/9-gel]
fraction of the enzyme adsorbed -]
dielectric constant | [Cz/N'mz]
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m

swelling presure [atm]
electrostatic potential [v]
Subscripts

dextran

enzyme

inhibitor

-substrate

initial
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Chapter 5

Stability of Enzyme Immobilized by Ionic Linkage

5. 1. Introduction

Binding affinity of enzymes to ion exchangers by ionic linkage
is relatively weak and affected by ionic strength of soluticns.
This property is considered to be a defect of enzyme immobiliza-
tion by ionic linkage. This defect, however, can be compensated
by many advantages, i.e., simpleness of immobilization process,
easiness of regeneration, retention of high enzyme activity as
well as substrate specificity after immobilization. These merits
suggest usefulness of immobilization of enzymes by ionic linkage
for industrial purposes. BActually, application of immobilized en-
zyme by ionic linkage to industrial process led to a great suc-
cess.l)

During the last twenty years, extensive studies have been done
on immobilization techniques of enzymes and properties of the im-
mobilized enzymes. Some workers elucidated general properties of
immobilized enzymes such as the effect of mass transfer on kinetic
parameters.2~4) In previous chapter, we also have reported on the
effect of dextrans, constituents of carrier for immobilization on
glucoamylase-catalyzed reaction.

In this chapter, characteristics of immobilized enzyme by ionic
linkage were studied using glucoamylase immobilized onto SP-Sepha-

dex C-25 and C-50 as model system. Distribution coefficients of
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glucoamylase between the ion exchangers and liquid phase and dif-
fusion coefficients of the enzyme in the ion exchanger were ob-
tained. A theoretical equation to predict the half-life of activ-
ity of immobilized enzymes caused by desorption of enzymes was
proposed in terms of the distribution coefficient, the diffusion

coefficient and the operational variables of continuous reaction.

5. 2. Materials and Methods

Materials. Glucoamylase (EC 3.2.1.3, pure grade, from Rhizo-
pus niveus) was purchased from Seikagaku Kogyo. The enzyme was
used without further purification. The enzyme concentration was
determined spectrophotometrically using an absorption coefficient,
E;;O 13.6 cm-l and the molecular weight, 56,000.5) SP-Sephadex
C-25 and C-50 were obtained from Pharmacia Fine Chemicals. Both
ion exchangers have the capacity of 2.3 + 0.3 meq./g. SP-Sephadex
C-25 has a higher degree of cross-linkage than C-50. Other rea=~

gents were purchased from Wako Pure Chemical Industries and Naka-

rai Chemicals. Every chemical was of analytical grade. -

Distribution coefficient. Approximately 0.01 g of lyophiliz-
ed SP-Sephadex exactly weighed was adequately swollen in S ml of
acetate buffer (pH 5.0). After addition to it of 20 ml of gluco-
amylase solution of known concentration, the mixture was equili-
brated under shaking at 25°C: Then, the enzyme concentration re-
maining in the outer solution, Cle was determined in terms of the
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enzyme activity using maltose as substrate. The amount of the en-

zyme adsorbed on the ion exchanger was calculated from the differ-
ence between the initial amount and that in the outer solution at
the adsorption equilibrium. The amount of the enzyme adsorbed on
the ion exchanger was converted into molar concentration, C2e’ us~
ing the water regain and the density of the ion exchanger (C-25;

1.54g/cm3, C-50; 1.86 g/cm3). At lower Cle' C is related to C1e

2e

by the following equaticn as discussed in Theoretical Considerations,

= . 5_
C,e xcle ‘ (5-1)

where K is the distribution coefficient. The enzyme concentration
in the ion exchanger was obtained for various concentrations Cl
e

They were plotted in a log-log co=-ordinate and K value was evalu-

ated.

Diffusion coefficient of glucoamylase in SP-Sephadex. Dif-
fusion coefficients of glucoamylase in SP-Sephadex were determined
by analyzing the non-steady state of adsorption process. An ap-
propriate amount of lyophilized SP-Sephadex was swollen in 100 ml
of acetate buffer (pH 5.0). Then, 100 ml of glucoamylase solution
of known concentration was added to it. Mixing of solution was
accomplished with a magnetically rotated bar. At appropriate time
intervals, 0.5 ml of the outer solution was pipetted through a
glass filter. The concentration Cl was estimated from the activity-
A fraction M of the enzyme adsorbed at any time t is defined by
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Eq. (5-2)

M

il

(c10 - cl)/(c10 - C e) - {5-2)

where C10 and Cle are the enzyme concentrations at t = 0 and at

the adsorption equilibrium, respectively. The diffusion coeffi-

cient in the ion exchanger De was determined so that M calculated
. N . o

by the following equation ) would fit with the experimental M.

2 2
w exp (-1, “D t/R%)
M=1-] k e (5-3)

=1 aar2) + xkz/e(l + a)

where

R
I

KW/eVp ‘ {(5-4)
and A, is the kth root of A in Eq.({5-5).
A" = 3af(A/tan A) - 1] (5-5)

V represents the volume of the bath of solution, e -the void frac-
“tion of the bath, W the weight, R the radius and p the density of

the: swollen ion exchanger. R was measured by an optical-mirogra-

phy (Nikon S-Ke). When (D t/R )1/2

ed to the following equation,7)l'5 RN

< 0.1, Eg.(5-3) is approximat-

¥

1

1/2}

M= (1+ éﬁﬁl + eerfc{Bqu(D t/R )

Lo s
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‘ 2.1/2
eerfc{—BuYz(Det/R ) / 1] (5-6)

Y1t o2
where
v, = (/2011 + (4/3a) )% + 1] (5-7a)
= - (5-7b)
Y2 Yl 1
and eerfc(x) = exp(xz)-erfc(x) (5-8})

Fdllowing assumption are included in the derivation of the
above equation; (1) adsorption equilibrium is instantaneously at-
tained at the surface of the ion exchangera) and (2) effect of
mass transfer through the stagnant film adjacent to the surface of
the ion exchanger is negligible. The diffusion coefficient De de-
termined here is the apparent one in the ion exchanger as discuss-

ed in Theoretical Considerations.

5. 3. Theoretical Considerations.

Distribution coefficient. When the equilibrium concentratio;
of enzyme is sufficiently low, an approximate equation for the
distribution coefficient K is derived using Donnan's equilibrium

and the condition of electroneutrality.

_ Z
K= (CR_Q/CNa+1) exp(-HVﬁ/RT) {5-9)

where CR—2 1s the concentration of ionogenic sulfopropyl group in
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the ion exchanger, 2z the number of charge of glucoamylase, NI the
swelling pressure, VE the partial molar volume of glucoamylase,

R the gas constant, and T the absoclute temperature.

Leakage of enzyme from ion exchanger. Since the ionic link-
age between enzymes and ion exchangers is reversible, the leakage
of the enzymes is inevitable during the continuous reaction. A
theoretical equation to represent the desorption process in the
continuous reaction was proposed. The same assumptions as those
in the estimation of diffusion coefficient were introduced. A

mass balance equation of enzyme in ion exchanger is expressed by

Eq. (5-10).
8C2 a?cz 2 BC2
= De( > + —e——) {5-10)
ot or r or

where r is the radial distance and 02 is the enzyme concentration
defined as moles of the bound plus free enzymes per unit volume

of the ion exchanger. As in the case of physical adsorption such
as gas adsorption onto activated charcoal, there may exist two
phases in the ion exchanger, i.e., in one phase enzyme is in bound
state and in the other in free state. However, in the case of ad-
sorption by ionic linkage it is very difficult to distinguish

these two phases. Therefore the C_ defined above was used in the

2

mass balance equation for simplivity. Thus, the diffusion coeffi-
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cient D used in Eg. (5-10) is the apparent one. A mass balance
e

equation of the enzyme in the outer solution for a continuous stir-

red tank reactor (CSTR) gives the following eguation.

ac, 3(1 - ) 3C,
— = -(F/ev)cl + (-De———o (5-11)
ot ER ar 'r=R

where F is the flow rate. The initial and boundary conditions are

given as
t = 0, = = -
at 0 C1 c10' C2 C20 (5-12a)
R = .
at r R, C2 K C1 (5-12b)
at r = 0, BCz/Br =0 {(5-12¢)

These equations were solved in terms of the normalized outer

concentration C*l = leclo and the normalized mean inner concen-—
‘tration E; through Laplace transform method.
© 2
2B exp(-AE."0)
c*= ¥ k
1 (5-13)

: 4
k=1 AEk + (32B + AB2 - Z)Ek2 + (1/3) - B

c* 3J r* Ckx ar¥
0 2

© 2
6{(1/a8,%) - 1) exp(-ag, o)

L 2 5 (5-14)
k=1 AEk + (3AB + aB~ - 2)£k2 + (1/3) - B

* 1 . .
where r* is the normatized radial distance {(r* = r/R), C* the nor-
2

108



malized inner concentration (C; = C2/C20), f the normalized time

8 = t/(eVv/F)) and

b
I

EVDe/FRZ (5-15a)

3(1 - e)K/¢e ' (5-15b)

i
l

Ek is the kth root of £ in the following equation.
~ag® + 1+ aB[(E/tan E) - 1] = O (5-16)

The time course of leakage of the enzyme was computed by FACOM-M-
190 at the data proceeding center, Kyoto University. The half-

life of the immobilized enzyme caused by the leakage was estimated

by varing & and B as parameters.

5. 4. Results and Discussion

Distribution coefficient. The distribution coefficient of
glucoamylase to SP-Sephadex was estimated at 25°C, pH 5.0. 1In
Fig. 5-1, the logarithm of C2e' which is an. equilibrium concentra-
tion of the enzyme in the ion exchanger, is plotted against that

of C Each plot gave a straight line with a slope of unity

le’
over a wide range of the enzyme cohcentration and the K wvalue cal-
culated from each plot is summarized in Table 5-1. Dependency of

K values obtained on ionic strength and type of ion exchanger can

be well understood_qualitativelf by the theoretical equation Eq.

{5-9) . The difference between K value for SP-Sephadex C-50 ~ 0.01
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Fig. 5-1. Relation between C2e and Cle at pH 5.0 and
25°C. The Cl and C2e are the equilibrium glucoamylase
e

concentration in outer solution and that in SP-Sepha-
dex. (), SP-Sephadex C-50 in 0.0l mol/1l acetate buffer;
O, c-50 in0.05 mol/l and A, C-25 in 0.01 mol/1.

mol/l acetate buffer system and that for C-50 v 0.05 mol/l acetate
buffer system is ascribable to the effect of ionic strength. The
difference between K value for C-50 and that for C-25 is ascrib-
able to the difference of a swelling pressure, i.e., swelling pres-

sure of C-25 is higher than that of C-50.

Diffusion coefficient. Diffusion coefficients of enzymes in

ion exchangers are important in view of preparation of the immobi-

lized enzymes and leakage of the enzymes from the ion exchangers

during continuous operation. The diffusion coefficient of gluco-
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Table 5-1. Distribution and Diffusion Coefficients of Gluco-

amylase (25°C and pH 5.0).

Ton Acetate buf- RS Wr K D, K-D_
2
exchanger fer [mol/1] [cm] [g/g] [-1 [cmz/s] [em™ /s]
0.01 1.1x10°2 31.2 3.0x10% 7x107%t 2 x10™©
SP-Sephadex -3 5 _9 -6
C-50 0.05 9.5X10 20.6 2.5X10° 2X10 0.5X10
—Sephad - - _
Sp-SephadeX  0.00  e.0x107 5.0 1.0x10° 1x1070 1 K10
a Surface mean diameter.
1.0 T T T

05

0 1 _l‘ ‘I

0 2 4 6

8

(t/R%) V2 x 10'3 [sY2/em]

2.1/2
Fig. 5-2. Relation between M and (t/R} /

for SP-Sepha-

dex C-25 at 25°C. The buffer solution was 0.01 mol/l acé-

tate buffer with pH 5.0. The M in an ordinate is defined

in Eq.(5-2). The solid line was calculated from Eq. (5-6)

using 1 X 10”2 cm®/s as diffusion coefficient.
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amylase in sp-Sephadex was estimated at 25°C, pH 5.0. Figure 5-2

shows a relation hetween a fraction of the enzyme adsorbed, M and
(t/Rz)l/2 for Sp-Sephadex C-25 at pH 5.0 with 0.01 mol/l acetate
buffer. The solid line in Fig. 5-2, which was calculated from Eq.
(5-6) using 1 X 10.-9 cmz/s as De, shows a fairly good agreement
with the experimental data under consideraticn of experimental er-
rors. The diffusion coefficients in the ion exchangers are ex-
tremely low as compared with that of the enzyme in an acetate buf-
fer solution (1.26 X 10-6 cmz/s), which was measured with the

9)

Schlieren optical apparatus. These low diffusion coefficients
can not be ascribable to the steric hindrance of gel matrix but
to the binding of the enzyme to the ionogenic group, i.e., the
bound enzyme cannot diffuse on the surface of the solid phase but
the free enzyme can diffuse in the ion exchanger. The ratic of
the amount of the enzyme bound to the solid phase to that of the
free enzyme in the ion exchanger might be approximately expressed
by the distribution coefficient K. Accordingly, the product of K
and De represents a diffusion coefficient of the enzyme in acetate
buffer solution and is shown in Table 5-1. K-De resembles the
diffusion coefficient in the buffer soluticn in each case. Such
a concept was applied to estimation of diffusion coefficients of
amino acids in polyelectreolyte solutions and a fairly good agree-

ment was observed between the theory and the experiment 9 Thus
- ’

the diffusion coefficient of enzyme in ion exchanger can be rough-
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ly expressed by D/K, where D is the diffusion coefficient of en-

zyme in buffer solution.

Leakage of enzyme from ion exchanger. It is significant for
continuous operation of immobilized enzymes tc estimate the half-
life. When enzymes are immobilized to ion exchangers, the desorp-
tion of the enzymes from the ion exchangers during continuous

. . 1L .
operation can not be avoided. The time dependency of the enzyme
concentration in the outer solution and that iIn the ion exchanger

can be calculated by Egs. (5-~13) to (5-16). In Egs.(5-13) and

{5-14), Ci and CE can be calculated using A and B as parameters.

Since C1 is usually negligibly low, the half-life of activity of

the immcbilized enzyme due to leakage is evaluated from the time

course of E;. Figure 5-3 shows the plot of C§ against the normal-

ized time 0 varying the A value with a constant B value (B = 103).

The 6 value at E; = 0.5 is the normalized half-life of an immobi=

lized enzyme Bl The larger A value the shorter 8 This

/2° 1/2°
means that the larger space velocity (SV = F/V) reduces the half-
life. The 81/2 value was calculated for various A and B values.

In Fig. 5-4, the relation of Gl to A is shown in a log-log co-

/2
crdinate using B as a parameter. When glucoamylase is immobilized
to SP-Sephadex C-50 at pH 5.0 with 0.0l mol/l acetate buffer and
the reaction of the immobilized enzyme is allowed to run on CSTR

-1 . X
at € = 0.34 and 8V = 2.0 hr -, ;he half-life is calculated to be

281 days from Fig. 5-4 using K, R and D, shown in Table 5-1.
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e - -]

Fig. 5-3. Time courses of leakage of enzyme from an ion
exchanger. Solid curves are calculated by Eq. {5-14) for
various A values at constant B value. Eé and 0 are de-

fineed in the text.

When the diffusion resistance in ion exchangers can be ignored
(almost A+B > 10), the half-life may be calculated more easily.

In this case, a mass balance equation for the enzyme in CSTR is

expressed as follows:

—acz/at = {F/(1 - E)V]'C1 (5-17)
C, = K¢, (5-18)
The initial condition is given ags C_ = ¢

9 20 at £ = 0. The normal-
ized enzyme concentration in the ion exchanger C; is expressed by

Eq. {5-19).
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Relation of the normalized half-life to para-
meters A and B. The 8

Fig. 5-4.

1/2 value was evaluated using Eq.

(5-14). The 81/2, A and B are defined in the text.

C; = exp(-36/B) (5-19)

where both 8 and B are the same as those defined previously. The

normalized half-life 91/2 and the actual half-ljife t1/2 are given

by the following eguations.

81/2 0.231-B (5-20a)

t

12 = 0.231(ev/F) -B {5-20b)

The 81/2 calculated from Eq.(5—20a) corresponds to the plateau

region in Fig. 5-4.

The present treatment is applicable only to continuous stirred
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tank reactor. 1In a plug flow reactor, the half-life may be longer
than the presenﬁ result, because the enzyme desorbed at the upper
part of the reactor may reduce the desorption rate of the enzyme.
Therefore, the present equation may be useful for practical pur-
poses. It is difficult to estimate the diffusion coefficients of
enzymes in ion exchanger. The utilization of the value obtained
by dividing the diffusion coefficients of the enzymes in buffer
solutions by the distribution coefficient as the diffusion coeffi-
cients of the enzymes in the ion exchangers may be advisable for

practical purposes.

The distribution coefficient between glucoamylase and the ion
exchanger was found to depend greatly on the ionic strength of
buffer solution and the type of ion exchanger. The diffusion co-
efficient of the enzyme in the ion exchanger was much lower than
that in buffer solution. This low diffusion coefficient was con-
sidered to be due to the binding of the enzyme to the ioncgenic
group. The theoretical equation was proposed to predict the half-
life of activity of immobilized enzymes due to leakage of the en-
zymes. In the equation, denaturation of enzymes was not taken
into account. Denaturation of immobilized enzymes may not be ig-
nored when a reactor is operated for a long period. Detailed
studies on the denaturation of enzymes will enable us to predict
the half-life with a more accuracy. Finally, it should be noted

that cation exchanger has been used for immobilization of gluco-
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. , .. , 3 .
amylase from Rhizopus niveus by ionic linkage ) as used in the
present study, while anion exchanger for glucoamylase from Asper-

10-12
gillus niger. )

5. 5. Summary

Glucoamylase (from Rhizopus niveus) was immcbilized to SP-Sepha-
dex C-25 and C-5C by ionic linkage. The physical properties of
the immobilized glucoamylase were quantitatively investigated.
Binding equilibrium between the enzyme and the ion exchanger-was
investigated. A linear relationship between the concentrations
of enzymes in the ion exchanger and in the outer sclution phase
was observed over a wide range of enzyme concentrations. Distri-
bution coefficients were obtained, by which the amount of the en-
zyme immobilized can be calculated. Diffusion coefficients of
the enzyme in the ion exchangers were also estimated from analy-
sis of the adscrption process. A theoretical equation to predict
the half-life of the activity of immobilized enzymes caused by de-
sorption of the enzymes was proposed in terms of the distribution
coefficient, the diffusion coefficient and the operational vari-

ables of a continuous reaction.

Nomenclature
A = EVDE/(FRZ) ' [-~1
B = 3{1 - e)K/e (-1
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concentration

normalized outexr concentration

normalized mean inner concentration
diffusion coefficient in buffer solution

diffusion coefficient in the ion exchanger

volumetric flow rate
distribution coefficient
fraction of enzyme adsorbed
radius of particle

gas constant

radial distance

space velocity

absolute temperature

time

volume of the bath of solution
partial molar volume
weight

number of charge of the enzyme

= KW/ (evp)
void fraction of the bath
= t/(eV/F)

swelling pressure

density of the swollen ion exchanger
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[em® /]
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[cm]
[J/K+mol]
[em]
[hr ™)
[X]

[s]

[cm3]
[cm3/mol]
lg]

(-1
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[-]
[-]
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Subscript

e equilibrium

0 initial

1 outer solution phase
2 ion exchanger phase
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PART II

PULSE RESPONSE IN IMMOBILIZED-ENZYME COLUMN
Introduction

Because of the high specificity and the high catalytic activity
of enzyme reactions under non-extreme conditions, eﬁzymatic analy-
sis is meritorious compared to chemical analysis using aéids,
bases, etc. The high cost of the enzyme may be reduced by its
immobilization. With the explosive increase of samples for élini—
cal and food analysis in recent years, much attention has been
paid to the utilization of immobilized enzymes for aﬁalytical pur-
poses as well as for the mass conversion of materials. Analytical
instruments using immobilized enzymes, such as enzyme thermisters
1-4) and enzyme electrodes,s—g) have been devised. &An analytical
method using an immobilized-enzyme column can be based on chromato-
graphic techniques.

As shown in Figure II-1l, a substrate solution of unknown con-
centration is applied to the inlet of the column as a pulse.
Since the substrate is undetectable in its original form, it is
converted to a product of detectable form by an enzyme reaction in
the column, or else a coupling coenzyme of undetectable form is
tonverted to a detectable foxrm. The elution curve of the product
or of the coenzyme at the outleflof the column is followed contin-

Wusly by a suitable analytical instrument, such as a spectrophoto-
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c c
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Fig. II-1l. Schematic representation of analysis based
on a pulse response in an immobilized-enzyme column. A
denotes the substrate, which is undetectable in its
original form and the concentration of which is unknown,
and B is the detectable product. CE is a coenzyme of
undetectable form and CE' is one of detectable form.
Concentration of the substrate A is determined from the
intensity of the elution profile, such as the peak
height or the area under the curve of product or CE'.

1, Immobilized-enzyme column; 2, detector; 3, recorder;

4, constant-feeding pump.

meter. The concentration of the original substrate solution is
determined from the intensity of the elution curve, including the
peak height and the area under the curve.

For a linear relationship between the substrate concentration
and the intensity of the elution curve, the substrate concentra-
tion must be less than the Michaelis constant Km, so that the re-
action is first-order. This condition is often satisfied because

substrate concentrations are usually low in clinical analysis. To
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perform a rapid analysis, a large amount of enzyme is immobilized
on the carrier, and a short celumn is used with a high flow rate.
Under such conditions, the mass transfer of the substrate might
easily affect the slution profile. For effective analysis, the
effect of the physical properties of the immobilized enzyme and
the substrate and the effect of operational variablés on the elu-
tion profiles must be known. & theoretical method for predicting
the elution curve of the product is here proposed on the mass bal-
ance model extensively used in gel chromatography. The validity
of the theory was confirmed in a column that was filled with spher-
ical acrylamide-gel-entrapped invertase. The theory was extended
to systems of reversible and consecutive reactions.and to deter-
mination of an enzyme using an immobilized-indicator enzyme.

In Chapter 6, a theoretical method for predicting the elution
curve of the product is proposed on the mass balance model. The
validity of the theory is experimentally confirmed in an acryl-
amide-gel-entrapped-invertase column. The theory is extended to
systems of reversible and consecutive reactions.

In clinical and food analyses, a substrate which is not easy
to analyze by the usual methods is converted to a readily detect-~
able product by reversible or consecutive reactions. A theoreti-
cal method for predicting the elufion profiles of the product,
which is extended to such,sysyemé in Chapter 6, is confirmed ex-

Perimentally in Chaptexr 7.
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In Chapter 8, it is shown that pyruvate and L-lactate in human
serum are successfully analzed by the pulse response technique
using an immobilized-lactate dehydrogenase column.

It is important in clinical chemistry to analyze an enzyme ac-
tivity in serum. In Chaptgr 9, the pulse response technique can
be applied to determinaticn of the enzyme by using a column in

which the beads immobilizing an indicator enzyme are packed.
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Chapter: 6

Theoretical Method for Predicting Elution Curves

6. 1. Introduction

The pulse response technique using an immobilized-enzyme column
is promising as an analytical method for determining the concen-
tration of specific substances in food, serum, etc., because of
the high specificity and high activity of enzyme reaction.

In this chapter, a theoretical method for predicting the elu-
tion curve of the product is proposed on the mass balance model
extensively used in gel chromatography. The validity of the the-
ory is confirmed in a column that is filled with spherical acryl-
amide—gel-entrapped invertase. The theory is extended to system

of reversible and consecutive reactions.

6. 2. Materials and Methods

Materials. Yeast invertase was purchased from Wake Pure
Chemical industries. The protein content of the enzyme prepara-
tion was found to be 3.65 mg/ml, using bovine serum albumin (BSA)
as a standard. Acrylamide monomer (AAm), N,N'-methylenebisacryl-
amide (BIS), N,N,N',N'-tetramethylethylenediamine (TEMED) , and am-
monium persulfate were also obtained from Wako Pure Chemical In-
dustries. Arlacel C (sorbitan sesquioleate) was purchased from
Tokyo Kasei Kogyo. Blue Dextran was purchased from Pharmacia.
Sucrose and glucose were obtained from Wako Pure Chemical Indus-
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tries and Nakarai Chemicals, respectively. All other reagents

were of analytical grade.

Preparation of immobilized invertase. The method for entrap-
ping invertase in acrylamide gel was essentially the same as that
reported by Ohmiya et al.l) except for irradiation by a fluorescent
light. ©One ml of 5% (w/v) ammonium persulfate was added to a mix-
ture of 7 ml of appropriately diluted invertase solution and 7 ml
of 40% (w/v) AAmM-BIS solution; the BIS content was 5%. The mixture
was immediately poured into 200 ml of organic solvent (toluene/
chloroform = 144/56) which contained Arlacel C and .16 ml of
TEMED, and was emulsified by magnetic stirring in a nitrogen at-
mosphere. All reagents were dissolved in 0.05 mol/l acetate buf-
fer (pH 5.0). The size of the acrylamide beads was regulated by
controlling the amount of detergent and the stirring speed of the
magnetic bar. The polymerization was performed at 0 - 4°C for 20
nin. The prepared immobilized-invertase gels were separated from
"the organic solvent with a glass filter, then washed with 100 ml
of chilled toluene and with a large amount of chilled acetate buf-
fer. The gels were sieved to obtain the desired size. They were

Suspended in buffer and stored in a refrigerator before use.

Assay of free invertase activity. The hydrolysis of sucrose
by invertase was allowed to run at pH 5.0 with 0.05 mol/l acetate

buffer at 25°C. The sucrose concentrations were in the range of
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0.01 to 1.4 mol/l. The initial reaction rate was estimated from
the increase of glucose concentration, which was assayed by the

2
glucostat method. )

Estimation of kinetic parameters of immobilized invertase.

The immobilized-invertase characteristics were estimated using
a batch reactor and a continuocus-stirred-tank reactor (CSTR}. 1In
the former case, about 0.2 - 0.3 g (wet weight) immobilized inver-
tase beads was accurately weighed. After the addition of 20 ml of
sucrose solution, the reaction mixture was shaken for 4 hr at 25°C.
The amount of glucose produced was assayed by the method described
above. The conversion was less than 10%.

The effective volume of the CSTR was 50 ml, and about 3.1 g of
immobilized-enzyme beads were loaded onto it. After about five
times the residence time had passed, the glucose produced was de-
termined at the outlet.

An invertase-catalyzed reaction is inhibited by a high concen-
tration of substrate,3) and the reaction rate equation is

*0"Cg0"Ca

-y =
A 2 (6~1)

+ + i

Km CA CA JKi

where r, is the formation rate of substrate, k0 the rate constant,
CEO the total enzyme concentration, CA the substrate concentration,

and Ki is the inhibition constant. Equation (6-1) can be reduced
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u)Michaelis—Menten equation when CA is much lower than Ki. In
that case, the Lineweaver-Burk plot gives the values of Km and

ymax (= ko.CEO)' When CA >> Km, Eq.(6-1) becomes:

%5"CEo
A (6-2)
A
The Ki value can be estmated from the plot of l/(--rA) versus CA'
The kinetic parameters (Km and Vmax) of the immobilized inver-
tase employed for pulse experiments were estimated using a packed-
bed reactor, when the effect of intraparticle diffusion resistance
was negligible because of a low Vmax and a small gel radius. When
the effect of diffusional resistance was significant owing to a
high Vmax and a large gel radius, the immobilized-invertase beads

were granulated to reduce the gel radius, and the activity was

assayed in a batch reactor.

Pulse response experimernts. The immobilized-invertase beads
were packed in a column equipped with a water jacket. Substrate
S-Olution (0.5 ml) was carefully added to the top of the bed, and
the flow was started. The moment the sucrose solution disappeared,
the eluent was added by a constant-feeding pump (Tokyo Rikakikai
Co., MP-B). The eluent was 0.05 mol/l acetate buffer (pH 5.0),
and the bed was kept at 25°C. At appropriate intervals, the elu-
ate was collected at the bottom of .the bed. The eluate was divid-

& into halves. One half was used to assay the glucose produced
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by the invertase-catalyzed reaction. By adding an invertase solu-~
tion to the other, the unreacted substrate was completely hydrolyz-
ed and the glucose concentration was determined. The sucrose con-
centration of the eluate was estimated from the difference between

these glucose concentrations.

Determination of particle size. Acrylamide-gel-entrapped in-
vertase particles were confirmed to be spherical by observation wit
an optical microscope (Nikon S-Ke). The diameters of more than
250 particles were measured, and the square mean value was calcu-

lated.

Determination of physical properties of substrate. The val-
ues of the axial dispersion coefficient (Dz), the gel phase dif-
fusion coefficients (Ds), the distribution coefficients (K) of
both substrate and product, and the void fraction (&) of the bed
were determined by moment analysis4—6) of elution profiles of the
substrate and the product, using an immobilized-invertase column
denatured by heating. The first-order normalized statistical mo-
ment (ul'), i.e., the average residence time, and the second-order

normalized central moment (uz), i.e., the variance of elution pro-

files, were related to Dz, Ds' K, and £ by Egs(6-3) and (6-4), re-

spectively.

ul' = (Z/uo) [e + {1 - e)K] 7 {6-3)
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My = (2Z/u)[(DZ/u2)(1 + HK)2 + HKRZ/(ISDS)] (6-4)

where Z is the height of the bed, uo the linear superficial veldc-
ity, u the linear interstitial velocity, R the particle radius, and

' and u_. with Egs.

H= (1 - e)/e. By comparing the experimental My 2

(6-3) and (6-4), Dz' DS, K, and € were determined. The experimen-
tal method was the same as that of Nakanishi et al.s) The concen-

tration of the eluate was analyzed by the method described above.,

6. 3. Theoretical Considerations.

A method for predicting the elution curve of the product has
been proposed based on the mass balance model extensively used in
gel chromatography. The first-order enzyme reaction in the gel
phase was added to the mass balance equation as well as axial dis-
persion in the mobile phase and gel-phase diffusion of the solute.
Let us consider the irreversible first-order reaction shown in Eq.

(6~5) with rate constant k, where k = Vmax/Km:

k (= Vmax/Km)_ B

A (6=5)

m and Vmax are the Michaelis constant and the maximum reaction
rate, respectively. The Michaeli;—Menten rate equation can be re-
duced to a first-order one‘yhen the substrate concentration is
lower than Km. .Mass balance equations referring to substrate con;

Centrations at the mobile phase CA and the gel phase CAS are given
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by

2 _
ac, a°c,  3C, 3(1 - edk )
=D o - u - ©, - cA1r=R) (6-6)
It Z 3z 3z ER
ac azcns 2 Cyg
—AS _p ¢ + ——22) _ ke (6-7)
s 2 “AS
ot ar r or

where t is time, kf the masg transfer coefficient, and r the ra-
dial distance variable. The third term on the right-hand side of

Eq. (6-7) represents the decrease in C__ by the enzyme reaction.

AS
These eguations are basically the same as those employed by
Marrazzo et al.7) They analyzed the characteristics of the hydro-
lysis of sucrose by invertase immobilized onto porous glass par-
ticles at steady state, taking account axial dispersion as well

as intraparticle substrate diffusion. In the same way, mass bal-

ance equations for the product B are written thus:

2

BCB ] CB BCB 3(L - E)kf'

=D —% - u—— - (cy - °B|r—n’ (6-8).
At 3z 3z ER -
3, 2%y 2,98,
--aT----- = Da (——T + ar;l-—a:—-—_-) 4 ké« r (6""9)

L S - s
Initial and boundary conditions are given as follows:

t =0, z>0, - C =C_=0 (6-10a)-
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C_=2¢C =0 (6~10b)

B BS
t > 0, r = R, Cps = KCy (6~10c}

CBS = KeCy (6-10d)
t > 0, r =20, acAs/ar =0 (6-10e)

3C /3 = 0 (6-10f)
Ogtst . z =0, ¢, = Cho (6-10g)
t >t z = 0, c, =0 (6-10h)
t > o0, z =0, C, =0 (6-10i)
ke(C, - cAIFR) = D_(3C, ./3r) |r=]R (6-107)
ke (Cp cBI g) = D (3C,/ar) Ir=R (6-10k)

vhere t0 is the sample injection time. The condition of a pulse
is represented by Egs. (6-10g) and (6-10h). For simplicity, a com-
mon K and D, for both substrate and product are assumed.

An analytical solution for CA has been reported by Wakao et al.

However, the solution is quite complex, because roots of a

multivalued function must be obtained, and the series summation
must be calculated twice. Furthermore; their solution cannot be
applied exactly to our experimental system. Therefore, a numerical
mgthod was adopted. By applying the Laplace‘transform to these

differential equations, solutions of C_ and CB in the Laplace do-

a

hain were obtained in the dimensionless forms of Ya and Yoo which
ar 3 3 - i - —

e defined as CA/CAO and CB/CBO’ respectively Yp ;nd YB repre
Sent the solutions in the Laplace domain and are the function of
the complex number s.
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- 2, .2
1-e%% [ ~5=3HKA L/ (75X +67)
ex

= ' 2 2. . 1/2
2 s 1/2+4{1/4+(1/8) [s+3HKA /(9" Ajte )11}
(6-11)
-50 )2 2
1-e °°0 ~5=3HKA o/ ("2 +67) ]
y, = — |expl 2 .1/2
¥s s 1/2+{1/4+(1/6)[s+3HxAO/(¢'2ko+¢ y 11
—s=3HKA. / (22 +62)
1 1 11 (6-12)
~ expl 2 2 1/2
1/2+{l/4+(l/6)[s+3HKA1/(¢' Ayte )1}
where

AO = (.r=.-n1>2)1/2cc>1:h(sq>2)l/2 -1 (6-13a)
_ 2 . 2.1/2 2. 21/2 _ 6-13b
ll = (s¢ +¢M ) cothis¢ +¢M ) 1 (6-13b)
- 172 (6-14a)
¢M = R(k/Ds) a
¢ = R11/(nsf)]l/2 (6-14b)
o' = R[K/(kth)]l/z (6-14c)
§ = 2/(D,/u) (6-144)
HK = (1 - e)K/e 7 (6-14e)

and 1t is the average residence time with respect to void volume of
the column. When the volume of substrate solution applied is much
smaller thAn the void voiume of the béd, i.e., when the input can
be considered to be a puise, the term [1 - exp(—seo)]/s in Egs.

(6-11) and (6-12) can be approximated by 0y ;A and §£ are the
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functions of the nondimensional parameters composed of physical
properties of immobilized enzyme and the substrate, and of opera-
tional variables, as shown in Egs. (6-14).

To obtain the solutions in the time domain, the numerical in-
version of the soltions in the Laplace domain is performed by the

numerical integration of the complex function of Eg. (6-15) or by

the Fourier series approximation of Eq.(6—16).9’10)
ot+if
1 — .
vy, = 557 lim J ™7, (s) as (6-15)
B Jg-ifi
af
1 —
Y, < E;—-[ Y; (a)+ X {Re[y (o + k )]cos(kﬂl‘
k=1
- Im[y (o + —)]s n( )}] (6-16)

where 6 is the dimensionless time (= t/1). Re and Im indicate
the real and imaginary parts of ;;, respectively. T is an atbi-
tray constant. The inversion by Eq.(6—i6) is accomplished in a
shorter time than that by Eg. (6-15).

The elution curves are calculated as the function of 8 under
various values of the dimensionless parameters shown in Eqgs. (6-14).
The calculation was performed usipg a FACOM M;190 or M-240 compu-
 ter at the Data-Processing Center of Kyoto University. ;A and §£
in the case where the enzyme is immobilized onto non-porous sup-
port can be easily obtained. The mass balance model can be ex-~
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tended to the system of reversible as well as consecutive reac-
tions. The solutions in the Laplace domain for these cases are
shown in the Appendix. The solutions in the time domain are cal-

culated by the methods described above.

6. 4. Results and Discussion

Kinetic parameters of free and immobilized invertase. The
kinetic parameters (ko, Km, and Xi) of immobilized invertase were
estimated in 0.05 mol/l acetate buffer (pH 5.0) at 25°C. The ko,
Km, and Ki values of the free enzyme were obtained undexr the same
conditions. The double reciprocal plots are shown in Fig. 6-1.
The k0 and Km values were evaluated from these plots. Figure 6-2
shows the plots of CEO/(—rA) versus CA for free and immobilized
invertase. The Ki values were determined. The kinetic parame-
ters of the immobilized enzyme are taken to be free from the ef-
fect of diffusional resistance, because the reaction was allowed
to run under conditions where intraparticle and film diffusional
resistance of the substrate could be ignored. The ko, Km, and Ki
values of the free and immobilized invertase are summarized in
Table 6-1. Changes in Em and Ki wvalues due to immobilization were
not observed. Sixty-eight percent of the enzyme activity was
maintained after immobilization. Although details of the data are

not shown here, enzyme leakage from the gel matrix was not observ-

ed and the inactivation rate of the immobilized enzyme during con-
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Fig. 6-1. Double reciprocal plots for estiméting Km and

1/CA X 10

k0 values for free and immobilized invertase. "Reaction
was run with 0105 mol/l acetate buffer (pH 5.0) at 25°C,
Total enzymé concentrafion CEO of the_immobilized eﬂzyme
was calculated by assuming that the enzyme laoded forlimmOH
bilization was wholly entrapped. () Solubie invertase;

immobilized invertase: ([J]) batch reactor and (A) CSTR.

Table 6-1. Kinekic Paramete:s'of Free and

Immobilized Invertase at pH 5.0 and 25°C.

Km Ki k

. 0
[mol/1] [mol/1l] [mol/mg-s]

Free 0.028 1.1 217 X 1070

Immobilized 0.033 . 1.3 - .1.47 X 107 °
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Fig. 6-2. Plots of CEO/(—rA) versus CA for free and im-

mobilized invertase. Conditions and symbols are the same’

as shown for Fig. 6-1.

tinuous operation in a packed-bed-type reactor was very slow under

the conditions used. The use of acrylamide-gel-entrapped inver-

tase was found to be suitable for an experimental test of the va-

lidity of our proposed theory.

Determination of g, K, Dz and Ds' The values of the void

fraction ¢ of a bed and the distribution coefficients K of sucrose
and glucose were determined from the first-order statistical mo-

ment of the elution curves for Blue Dextran and for saccharides,

respectively. The data obtained experimentally are shown in Fig.

6~3, where ul' was plotted against Z/u0 on a logarithmic scale.
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Fig. 6-3. Experimental relations between first-order
statistical moment and Z/uo. Column size = 15.4 mm¢ X
383 mm. Sample volume applied was 0.5 ml. () 0.3%
Blue Dextran; ([J) 0.01 mol/l sucrose; (A) 0.0l mol/l

glucose.

The values of the axial dispersion coefficient and of the gel-
Phase diffusion coefficients were estimated from Eqg. (6-4). Plots
of M,/ (2Z/u) versus 1/u are shown in Fig. 6-4. In the calculation
of p 1

ul and u

97 integrations were carried out numerically by Simp- -

Son's rule. The values of Dz/u and DS were calculated from the
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Fig. 6-4. Experimental relations between second-order
central moment and 1/u. ([3) 0.0l mol/l sucrose; (A)
0.01 mol/l glucose.

slope and the intercept, respectively. The values of €, K, Dz/u,
and DS-(which were estimated for the gel used in the pulse test

shown in Fig. 6-5) are illustrate in Table 6-2. The value of Dz/
u was about 1.3 times the mean diameter of the gel, and this was
reasonable considering the range of the Reynolds number.ll) The
distribution coefficients for sucrose and glucose were similar to

thoge estimated for a single bead of acrylamide gel, while the DS

values of the saccharides were somewhat smaller than those estmat-
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Table 6-2. Values Determined for the Parameters

a [
for a Ccolumn of Immobilized~Invertase Beads at 25°C.

€ Rb K D /u D
VA 25
[-1 [cm] [-] fcm]) [cm™ /s]
Glucose 0.88 0.0330 1.91 X 107 °
Sucrose 0.34 0.0133 0.88 0.0355 1.17 X 10‘-6
Average - - 0.88 0.0343 1.54 X 10°°

a Column size = 15.4 mm¢ X 383 mm.

b surface mean radius.

ed for a single bead using maltose and glucose as a solute in
Chapter 1. The same tendency was observed in gel chromatography
of an NaCl-Sephadex bead system.e) The wvalues of e, K, and Ds by
Marrazzo et al.7) were similar to those measured in this study.

Owing to the high Reynolds number, their Peclet number {= 2Ru/Dz)

vas larger than ocur value.

Pulse response experiments. Two series of experimenté were
performed and the experimental conditions are summarized iﬁ Table
6-3. In the first series, the effgct of diffusicnal resistance
was negligible because of a low Vmax and a small gel radius. 1In
the second series, the effect of diffusional resistance was sig-
nificant because of a high Vmaxvand a large R. In both series of
experiments, the substrate concentrafion was made 5 or 10 mmol/1l
fmaller than the Michaelis constant {30 mmol/1) tc make the reac-

tion first-order. Figure 6-5 shows the results for the first se-
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Table 6-3. Experimental Conditions for Pulse Tests.

Parameter 1st series 2nd series
Km [mmol/1] 30 30

Vmax [mmol/1l<min] 0.573 8.66

R [cm] 0.0133 0.0544
Column dimension 15 mm¢ X 389 mm 12 mm¢ X 1192 mm
Flow rate 1.0 - 3.0 cm3/min
Effect of @iffu- regligible significant
sional resistance

Substrate 5 or 10 mmol/1
_Eluént 0.05 mol/l acetate buffer (pH 5.0)

m I
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Fig. 6-5. Elution profiles of substrate and product in
first series. Column dimension = 15 mm¢ X 389 mm; R =
0.0133 cm. (——) Calculated according to the theory
uging the values of the dimensionless parameters. CAO
= 0,01 mol/1l; T = 544 s; ¢M = 0.191; ¢ = 0.473; ¢' = O;
HK = 1.71; § = 1130. (A) CT, sucrose plus glucose;
(Q) CA’ sucrose; ([J) Cqs glucose.

142



05

CrU/Cacto,Cat/Cagto.Cat/Cant [ -1

Fig. 6-6. Elution profiles of substrate and product in

second series. Keys are shown in Fig. 6-5. CAO = 0.01
mol/l; T = 130 s; ¢M = 3.04; ¢ = 3.84; ¢"= 0.576; HK =
1.08; 6§ = 110. Column dimension: 12 mmé¢ X 119 mm; R =
0.0544 cm.

ries. The abscissa is time, &, and the coordinate is the concen-
tration, which are both dimensionless. The elution profiles of
the substrate and of the product are symmetrical. Theoretical
elution profiles (represented here by solid curves) coincide fairw
ly well with the experimental ones. In the calculation of the
theoretical curves, the mass transfer coefficient kf was taken to
be infinite (i.e., ¢' = 0). The results of the second series are
shown in Fig. 6-6. Asymmetrical elution profiles having long
tails were obtained. The tails may reflect the influence of dif-
fusional resistance in the gel phase. The elution profiles of the
Substrate and the product intersect each other at about 6 = 2.0
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Moreover, the elution curve of the product is very broad and the
peak position is not clear. This elution profile is unsuitable
for analytical purposes. These phenomena were well reproduced by
the thecretical elution profiles. The kf value was estimated
from the correlation proposed by Wilsen and Geankoplis. 2)

Theoretical elution profiles in reversible and consecutive re-
actions. Since it was proved that the mass balance model was
appliéable to the prediction of elution profiles in an irrevers-
ible reaction, the theory was extended to the system of revers-
ible and consecutive reactions. For consecutive reactions, two
cases are considered. The first is that two enzymes are coimmo-
bilized in a carrier and the second is that two enzymes are immo-
bilized independently in different carriers and then mixed.

The solutions for Ci (i = A, B, and C) in the Laplace domain
in reversible reactions and consecutive reactions are shown in the
Appendix. In the calculatation of elution profiles, it was assum-
ed that the value of Dz/u was equal to the gel diameter, and the
kf value was taken to be infinite.

Figure 6-7 shows the elution profiles of a product produced by
a reversible reaction under two extreme conditions. The curve
R-1, which has a sharp peak, shows the elution profile when the
effect of diffusional resistance is negligible. The curve R-2 is
obtained when the effect of diffusional resistance is significant.

The upper figure shows the distribution of the degree of close-
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Fig. 6-7. Theoretical elution profiles of product and
distribution of degree of closeness to eqguilibrium.

Curve R-1 is obtained when the effect of diffusicnal re-
sistence is negligible, while R-2 is obtained whén the
effect is significant. Upper fiqure shows thé distribu-
tion of the degree to equilibrium with time. R_1=_¢Ml

= 0.05; ¢M2 = 0.05; ¢ = 0.0447; ¢* = 0; HK = 1.35; &:= 5000.
R-2: ¢M1 = 5.00; ¢M2 = 5.00; ¢ = 4.47; ¢' = 0; HK = 1.35;

§ = 50.

hess to equilibrium with time. When the diffusional resistance

is insignificant, not only is the peak of the elution profile very

sharp but also the distribution is. uniform.

Figure 6-8 shows the elution profiles of the final product of

tonsecutive reactions in both coimmobilized- and mixed-enzyme col-

The symbols CI refers to a coimmobilized- and M to a mixed-
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Fig. 6-8. Theoretical elution profiles of final product
of consecutive reactions in coimmobilized- and mixed-type
emyme columns. Symbol CI represents the coimmobilized
type and M the mixed-type enzyme column. kf value was

taken to be infinite. CI-1 (M-1 values in parentheses):

¢M1 = 0.354 (0.500); ¢M2 = 0.351 (0.497); ¢ (¢1 = ¢2) =
0.447; ¢° (¢1' = ¢2‘) = 0; HK = 1.35; § = 500. CI-2 (M-2
values in parentheses): ¢Ml = 3.54 (5.00); ¢M2 = 3.51
(4.97); ¢ (¢1 = ¢2) = 3.16; ¢' (¢1' = ¢2') = 0; HK = 1.35;
§ =250.

type enzyme column. The curves CI-1 and M-1 show profiles for
vhen the effect of diffusional resistance in the gel phase is
small, and the curves CI-2 and M-2 for when the effect of diffu-
sional resistance is significant. In both cases, the coimmobiliz-
ed-type column shows high conversion. Moreover, diffusional re-

sistance promotes this tendency.
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6. 5. Summary

A theoretical method for predicting the elution profile of a
pulse response in an immobilized~enzyme column is proposed. The
method is based on a mass balance model, which is extensively us-
ed in gel chromatography. To test the metﬁod, a pulse of sucrose
solution was applied to a column of spherical acrylamide gel in
wvhich was entrapped invertase from yeast, and it was eluted with
0.05 mol/l acetate buffer at pH 5.0. The elution curves of the
substrate and the product were in fairly good agreement with the
theoretically_calculated ones. The method was extended to the

system of reversible as well as consecutive reactions.

Appendix

Irreversible reaction. The solutions of Ya and Yp in the
Laplace domain have been presented when an enzyme is immobilized
to a porous support. Here, we consider the solutions of Yp and

Y, in the Laplace domain in the case where the enzyme is attached

B
onto a noh-porous support.

The mass balance equations for the substrate A and the product
B are given by the following eguations under the assumption that

t@gﬁm@ss transfer: thromghcthef fidm arcundtithe: paritivle is.yery

fast.

ac 9 C aCA 1 -¢3
- uw - kC (6-17)
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B B B + —kC {(6-18)

t =0, z >0, C, =0 (6=19a)
= 6-~19b)

cB 0 (
= = 6—19C
O;t:to, z = 0, Co cAO ( )
t >'t0, z = 0, CA =0 (6-194)
t >0, z =20, CB =0 (6-19e)

The solutions of CA and CB in the Laplace dcmain are given in the

dimensionless form by Egs. (6-20) and (6-21).

_ 1l - e-seo -5 — nH
Yy, = exp [ ] (6-20)
A s l/2+{1/4+(l/6)(s+nH)}1/2
_ 1-e7% [ -s

Yo = — jexpl| ]

B s 1/2+{1/a+s(1/8) }17/2

-s - nH
~ expl 1/2]] (6-21)
1/24{1/4+(1/8) (s+nH) }
where
n = 3kt/R | (6-22)

The solutions in the time domain are obtained by the numerical in-

version of ;A and §£ accordipg to Egs. (6-15) or (6-16).
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Fig. 6-9. Theoretical elution profiles of product of ir-
reversible reaction in columns packed with enzymes immobi-
lized to non-porous and porous supports. Symbol N repre-
sents the non-porous support and P the porous one. The non-

dimensional parameters used in the calculation are listed

in the figure.

The elution curves of pulse inputs in immobilized-enzyme column

with an irreversible reaction were calculated theoretically for’

two cases. The first case is that the enzyme was immobilized into

a8 porous carrier. The second is that the enzyme is attached onto

a non~porous support. Figure 6-9 shows the elution curves, where

P and N denote the porous and non-porous carriers, respectively.

The following conditions are adopted in calculation. The size of

coclumn is 8 mm¢ X 200 mm. The void fraction of the bed is 0.4

for both the carriers. The common distribution coefficients for

149



substrate and product are used to be 0.8. The gel phase diffusion

coefficient for substrate is 2 X 10_6 cm2/s and is identical to
that for product. The average residence time based on the void
volume of the bed is 5 min in each calculation. The rate constant
is set to make the conversion 0.7. Two different diameters of
particles are considered to be 50 y and 500 u. The values of non-
dimensional parameters used in calculation are listed in the fig-
ure. The figure indicates that the use of non-porous support is
superior to that of porous support as long as the enzyme immobi-

lized onto non-porous support exhibits a high activity.

Reversible reactions. Let us consider the reaction scheme

which follows:

A —— B (6-23)

where kl and kz are the first-order rate constants of forward and
backward reactions.

(i} Porous support. When the enzyme is immobilized into a po-
rous support, the mass balance equations for A and B are expressed
in the same way as Egs. (6-6) to {6-9) for irreversible first-order
reaction. The solutions for Ya and Yg in the Laplace domain are

given by

Yo 7 {1 - exp(—seo)}/s][Blexp(gl) - BlexP(Ez)] (6-24)
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e
1

{1 - exp(-seo)}/s]'Bl'[exp(Ez) - exp(g )] (6-25)
vhere

2, .2
-5 - 3HKA1/(¢ ll+¢ )

& = /2

5 3 1 (6-26a)
1/2+{1/4+(1/5)[s+3HKA1/(¢' Al+¢ )1}

-5 - 3HQ /(622 #67) |
£ = 9 " (6-~26b)
2 2 2 1/2
1/2+{1/4+(1/8) [s+3HKA / (¢""A +¢ )1}

2.1/2 2.1/2

AO = (s¢) coth(s¢ ) -1 {6-27a)

A = (s¢2+¢Mlz+¢M22)1/2coth(s¢2+¢M12+¢M22)1/2 -1  (6-27b)

By = by /gy ) (6-27c)

By = b,/ (b ) (6-27a)
and

by = RO /D)2 (6-282)

by = RUk, /D)2 (6-28b)

To simplify, the distribution coefficients and diffusion coef-
ficients of components A and B are assumed to be identical. The
inverse Laplace‘transform can be achieved numerically by Eqs;.v
{6-15) or (6-16). The above solutions are appliéable when the -
film diffusional resistance cannot be ignored. When the ke vﬁlue

is assumed to be infinite, the solutions become simpler.
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(ii) Non-porous support. Considering the reverse reaction,
the mass balance equations for A and B are expressed in the same

way as Egs. (6-17) and (6-18) for irreversible first-order reac-

tion. The solutions of Yp and Yg in Laplace domain are given by

[{1—exp(-sao)}/S][{nl/(nl+n2)}exp(53)

e
1}

6-29
+ {nz/(nl+n2)}exp(54)] { )

y. = [{l—exp(—seo)}/s][nl/(nl+n2)][exp(Ed)-EXP(E3)] (6-30)

B
where

£, = B i 7 (6-31a)

1/2+{l/4+(1/6)[s+(nl+n2)H]}
-s

" " 1/2+(1/4+s(1/6) 12 (6-310)
and

n; = 3k /R (6-32a)

n2 = 3k2T/R (6-32b)

Consecutive reactions. The reaction scheme is g;ven by Eg.

(6-33) where a reactant A is converted into an intermediate B by

an enzyme E and B is changed to the final product C by another

1!

enzyme E,. Each step is considered to be a first-order reaction.
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A _—Y*,.p__2%.c¢C (6-33)

For consecutive reactions, two cases are considered. The first
{denoted by CI) is where two enzymes (E1 and E2) are coimmobilized
in a carrier. The second (denoted by M) is where,El and E2 are
immobilized independently in different carriers and‘then mixed.

(1) Coimmobilized system. Two kinds of supports, porous and
non-porous supports, are considered.

(i) Porous support. The mass balance equations for A, B, and

C are described by Eqs;(6—6) to (6-9) exvept for the reaction terms

in the gel phase. The solutions of Ya and Yg in the Laplace do-

main are given by

§£ = [{1l-exp(-s6)}/slexp(w,) | B _ (6-34)
Y = [1-exp(-s6)}/s1+18,,%/ (9, %46, )]
- '[exp(mz)—egp(ml)] '  (6-35)
where

~s = 3HKA,/($'2A +47) ,
_ 1 1
: 1/2+{1/4+(1/8) [s+3HRA, / (§'“A,+6) 1}

-s - 3HKA2/(¢'212+¢2)
LW, = ~ (6-36Db)
2 1/2+{1/4+(1/6)[s+3HKAl/(¢'2Al+¢2)]}l/2

and
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(S¢2+¢M12)l/zcoth(5¢2+¢M12)l/2 -1 (6-37a)

>
|

1/2 2)1/2

-1 (6=~37b)

>
I

(s¢2+¢M22) coth(s¢2+¢M2

The solutions for Yo in the Laplace domain is expressed by Eqg.
(6-38) using the ;5 that is the solution for Ya in the Laplace do-

main with no reaction.

YC = YO - YA - YB (6-38)

_ l—e—seo -5 - 3HKAO/(¢'2AO+¢2)

Yo < expl 2 2 1/2]

s 1/z+{1/4+(1/6)[s+3HKAO/(¢' AO+¢ 11}
(6-39)

where

Ao = (s62) 1 %cotn (s62) /2 - 1 (6-40)
{ii) Non-porous support. The solutions of Yoo YB' and yc in

the Laplace domain are expressed by the following equations.

¥, = ({1-exp(-s8)}/51 exp () (6-41)
;B = [{1-exp(—seo) Y/s1- [nl/ (nl-nz) 1
-[exp(ms)-exp(m4)] (6-42)
Yo = [{1-exp(—SBO)}/S]-[exp(m3)+{n2/(nl-n2)}exp(m4)
—{nl/(nl-nz)}exp(ms)] (6-43)
where
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-8
W = (6-44a)

3 1/2e/aes (1612
-8 - an
u)4 = 1/2 (6-44b)
1/2+[l/4+(1/5)(s+n1H)]
-5 - n2H
ws = 1/2 . (6-44c)
1/2+[1/4+(1/38) {s+n H) ]
(2) Mixed ststem. The enzyme E. (which catalyzes the reaction

1

A——»B} is immobilized to a gel with a radius R,, and another en-

ll

zZyme E2 to a gel with a radius R The volumetric fraction of

5

gel with R (Rz) to the total volume occupied by the gel is re-

1

presented by Yy (Yz).

(1) Porous support. BEquations (6-45) and (6-46) show the solu-

tions for Yp and Yp in the Laplace domain.

Y, T [{l—exp(-seo)}/s}-exp(vl) (6~45)
-50 2
- l-e 0 (El/¢1 )(ll-l3)
B " (E.76.%) O -A)+(E./6.2) (A -2
s 1791 VAT E 78,0 (A y=Ay)
-[exP(vZ)-exp(vl)] (6-46)
where

2 2

. —s-3glA3/¢l —352A2/¢2
Vi T : 2 2 .1/2 (6-47a)
1/2+t1/4+(1/6)(s+3£1?\3/¢l +352A2/¢2 )]
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and

2 2
—s—agl)\l/¢l —35212/¢2

_ (6-47b)
Vy = 2,.1/2
2 1/2411/84 (1/8) (54362, /0, 24380, /6,701
v, = (6.5 %cotn(se. H? - 1 (6-48a)
1 1 1
A, = (s5¢ 2)1/2coth(S¢ 2)1/2 -1 {6-48b)
2 2 2
_ 2 2.1/2 2 2.1/2 _ _
A3 = (s¢l +¢Ml ) coth(s¢l +¢Ml ) 1 (6-48c)
L 2 . 2172 2 2.1/2 )
Mg = (s6,°+6,,) " “ooth (s, +4,, ) -1 (6-484d)

The solution for the final product in the Laplace domain is ex-

pressed by Eq. (6-49) according to the linearity of the Laplace

transformation:
Yo=Yy - ¥y - ¥y | (6-49)
_ 1-"%% -s—351A1/¢12—352K2/¢22
Yo = — expl > 2 11/2)
s 1/2+{1/4+(1/6) (s+3E X /4,7 +3E,0,/6,) }
(6-50).
and
_ 1/2
byy = Ry (k /D) (6~51a)
_ 1/2
bup = By {ky/D) (6-51b)
1/2
4y = R /(0 01" (6-51c)
N 1/2
¢, = Rzll/(DsT)] (6-514)
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vy
I

(1 - E)le/s {6-51e)

ony
I

(r - e)Y2K/E (6-51b)

Altough solutions can be found where the kf value is finite, they
become much more complex. The solutions shown here are obtained
by ignoring the resistance of film diffusion.

(ii) Non-porous support. The solutions for Ypr yB,.and yc’in

the Laplace domain are expressed by the following equations.

Y, = [{l—exp(—SBO)}/SI-exp(v4) (6-52)
Yp = [{1-exp(—seo)}/sl'[nl/(nl-nz)] | )
-ngp(vs)—exp(v4)]_ | {6~-53)
;c = E{l—exp(—seo) }/s1- [exp(v3)+{n2/(n1—n2) lexp (v,)
-{nl'/(nl-nz) }exp(vs)']- - (6-54)
wherg
- # . A -
v, = | (6-55a)
3 124 [1/8+s(1/6) 1772 - ST
- - 10 H '
1 , , .
\)4 = 1/2 LN T "(5-551‘))
1/2+[1/4+(1/8) (s+an) ]
-s - n_H AT :
Vg = 2 (6-55c)
® 1/2411744(176) (s¥n,m) 112 e e T
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and

n, = 3k Y, T/R (6-56a)
n, = 3k2Y21/R2 {6-56b)
Nomenclature
CEO total enzyme concentration [mg-protein/1]
Ci qoncentration of component i at mobile phase
(i = A, B, and C) [mol/1]
CiS concentration of i at gel phase [(mol/1]
DS gel-phase diffusion coefficient [cm2/sl
D, axial dispersion coefficient [cmz/s]
H = {1l - e)/¢ [-]
K distribution coefficient [-1]
Ki inhibition constant [mol/1]
Km Michaelis constant [mol/1]
k first-order rate constant [5-1]
ko molecular activity [mol/mg-protein-s]
kf mass transfer coefficient [em/s]
R particle radius fem]
r radial distance [cm]
r, formation rate of substrate [mol/1-s])
s Laplace transform variable (complex number) [-]
t time
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u linear interstitial velocity [em/s]

U, linear superficial velocity [em/s]
Vmax maximum reaction rate ‘ [mol/1-s]
yi = ci/CAO . -1
§; solution of Y. in Laplace domain _ | -]
pA bed height [em]
z axial distance . [cm]
' volumetric fraction of gel with R, to total gel .[-}
6 = Z/(Dz/u) (-]
€ void fraction of the bed [~}
] = t/T [-]
ul' first-order normalized statistical moment [s]
ﬁz second-order noimalized central moment . [52]
= (- eyKe -]
T average residence time » . [s]
¢ =ri/(d 013 | -1
¢ = RI/(RKD1? | -]
¢M = R(k/Ds)l/2 A (-]
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Chapter 7
Elution Profilés in Reversible

and Consecutive Reactions.

7. 1. Introduction

In Chapter 6, a theoretical method for predicting the elution
profile of a pulse input in an immobilized-enzyme colump was pre-
sented, and its validity was confirmed experimentally with a
first-order irreversible invertase reaction.

In clinical and food analysis, a substrate not easy to analyze
is frequently converted to a readily detectable pro@uct by revers-
ible or consecutive reactions. A theoretical method for predict-
ing the elution profile of the product was easily extended to
such systems in Chapter 6, although it has not been verified ex-
perimentally. In this chapter, the method will be éonfirmed e#—
perimentally for such systems, and the effect of the properties
of the substrate and the immobilized enzyme and of the operation-
al variables on the elution curves will be examineditheoreticélly.

As model systems of reversible and consecutive reédtiohs cata- "
lyzed by enzymes, we adopted the isomerization of glucose,:and
the hydrolysis of sucrose, and oxidation of glucose shown in Egs.

(7-1) and (7-2).

glucosekisomerase
1
gluceose = = fructose ) (7-1)

ks
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invertase glucose oxidase
sucrose ————Eﬂ———%v glucose k2 —» gluconic acid
* (7-2)

For the consecutive reactions, two cases are considered. The

first is where invertase and glucose oxidase are co-immobilized in
a carrier; the second is where they are immobilized independently
in different carriers and then mixed. The former is called a co-

immobilized system and the latter a mixed-type system.

3. 2. Materials and Methods

Materials. The immobilized glucose isomerase (commercial
name, Swetase; Nagase Sangyo) was, strictly speaking, an immobi-
lezed microorganism, that is, Streptomyces phaeochromogenes was
linked by an ionic bond to diatomaceous earth which adsorbed the
quaternary pyridine compound. Invertase and glucose oxidase were
purchased from Sigma. Blue Dextran was obtained from Pharmacia.
Acrylamide monomer (AAm), N,N’'-methylenebisacrylamide (BIS), L-
cysteine, N,N,N', N'-tetramethylethylenediamine (TEMED), sorbitan,
sucrose, glucose, and fructose were purchased from Nakarai Chemi-

cals. All other reagents were of analytical grade.

Immobilization of invertase and glucose cxidase. The method
for immobilizing the invertase and glucose oxidase in acrylamide
gels was the same as that mentioned in Chapter 6 except for the

addition of L-cystein to protect the glucose oxidase activity.l)
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co-immobilization of the two enzymes were carried out as follows
with the independent immobilization of the enzymes is given in
parentheses: Six ml of 0.04% (w/v) invertase, 4 ml of 0.25%(w/v)
glucose oxidase (8 ml of 0.025%(w/v) invertase or 0.25%(w/v) glu-
cocse oxidase) and 6 ml (8 ml) of 3%(w/v) L-cystene were mixed
with 40 ml of 33%(w/v) AAm-BIS solution, the BIS content of which
was 5%. After addition of 4 ml of 5% (w/v) ammonium persulfate to
the mixture, the agqueous solution was quickly poured inéo 300 ml
of toluene-chloroform (18/7) solvent containing 0.5 ml of sorbitan
and 0.96 ml of TEMED. The enzymes and other reagents were dis-
solved in 0.01 mol/l acetate buffer with pE 5.0. The polymeriza-
tion was performed at 0 - 4°C for 20 min under a nitrogen atmos-—
phere, with magnetic stirring {200 - 220 r.p.m.). The gels were
separated from the organic sclvent by filtration, washed with
chilled distilled water, and sieved to regulate the éize. They
were suspended in the buffer and stored in a refrigerator until
use,

Using buffer solution instead of the enzyme solution, inactive
acrylamide gels containing no enzymes were prepared by the same

Procedure described above.

Reaction rate constants of immobilized enzymes. The reaction
fate constants of immobilized enzymes were estimated using immobi-
lized-enzyme gel granulated to reduce the gel radius (less than

100 ym) and to remove intraparticle diffusional residence (Theile
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modulus ¢M < 0.62). The Michaelis constants and maximum reaction
rates of immobilized glucose isomerase for forward and reverse re-
actions were determined as follows: about 0.8 - 0.9 g (wet welight)
of granulated immobilized-enzyme gel was weighed accurately. By
addition of 40 ml of glucose (or fructose) solution, the reaction
was allowed to run with C.05 mol/l Tris-HCl buffer (pH 8.0) con-
taining 0.0l mol/l magnesium sulfate at 50°C with magnetic stir-
ring. Considering from stirring speed, particle size, and diffu-
sivity of the substrate, it was confirmed that the effect of film
diffusional resistance can be ignored. At appropriate intervals,
0.1 mlL of the reaction mixture was sampled and the amount of fruc-
tose {(or glucose) produced was analyzed by the cysteine-carbazole-

) )

H2804 method2 {or the glucostat method3 ). The time course usu-
ally included five points. The initial concentrations of the sub-
strate were in the range of 0.15 to 1.50 mol/l. Conversion was
less than 5%. The Michaelis constants and maximum reaction rates
for the forward and reverse reactions were estimated by Lineweaver-
Burk plots.

The Michaelis constants of free invertase and glucose oxidase
at 25°C and pH 5.0 (0.05 mol/l acetate buffer) were 0.030 mol/l
and 0.029 mol/l, respectively. The substrate inhibition constant
of free invertase was 0.8 mol/l. The rate constants of the first-

order reactions catalyzed by immobilized invertase and glucose oX~

dase were estimated from the conversion versus reaction time plot
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+here the substrate (sucrose or glucose) concentration was much
less than the Michaelis constant. Under these conditions, the ef-
fect of substrate inhibition of invertase on estimating the rate
constant could be ignored entirely. The reaction was started by
the addition of 40 ml of sucrose (or glucose) solution to about

2 g of the granulated immobilized-enzyme gel, which had been weigh-
ed accurately in an Erlenmeyer flask. The decrease‘of the sub-
strate concentration was observed at intervals. The amount of suc-
rose and glucose were analyzed by a high-performance liquid chro-
matography (Shimadzu LC-3A) equipped with a separation column
(shimadzu SCR-10l1) and a differential refractometer (Showa Denko
Shodex RI SE-11) and by the glucostat method, respec%ively. The
substrate concentrations were 3.0 X 10_4 mol/]1 and 5.0 X 10_4 mol/

1 for sucrose and glucose.

Physical properties of the immobilized-enzyme column and sub-
strate. The physical properties of the subsgtrate and product
for the two reaction systems were assumed ﬁo be the same as those
of glucose. The values of the axial dispersion coefficient, the
%el phase diffusion coefficient, the distribution coefficient of
9lucose, and the void fraction of the bed were determined by mo-

-6)

. 4 . .
Zent analysis of elution profiles of glucose and Blue Dextran.
The immobilized-glucose isomerase gel denatured by heating or an

inactive acrylamide gel was packed intoc a column. The pulse of a

flucose solution was eluted at 50°C or at 25°C with 0.05 mol/1
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Tris-HC1 buffer (pH 8.0) containing 0.0l mol/l magnesium sulfate,
or with 0.0l mol/1 acetate buffer (pH 5.0). The.concentration of
the eluate was analyzed by the glucostat method or by a differen-
tial refractometer. The diameters of the gels were measured with
an optical microscope (Olympus Optical). The mean value of the
gel radius was calculated according to Nakanishi et a1.7) The

details of the experimental and analytical methods are described

in Chapter 6 and Ref. 6.

Pulse Response Experiments. The immobilized-glucose isomerase
gel was packed into a column equipped with a water jacket. Glucose
(0.5 ml) (or fructose) solution was carefully added to the top of
the bed, and the flow was started. After the substrate solution
disappeared, the eluent {0.05 mol/1 Tris-HC1l buffer containing
0.01 mol/l magnesium sulfate) was added by a constant-feeding pump
(Tokyo Rikakikai MP-101). The bed was kept at 50°C. The glucose
and fructose concentrations in the eluate collected at the bottom
of the bed were analyzed by the glucostat method and the cysteine- -
carbazol—stO4 method, respectively.

For the consecutive reactions catalyzed by immobilized invertase
and glucose oxidase, the acrylamide gel where the two enzymes were
co-immobilized was packed into a column. But, for the mixed-type
system, the immobilized-invertase gel was mixed with the immobi-

lized-glucose oxidase gel at the ratio of 0.433/0.567 on the basis

of wet weight. Then the mixed gel was packed. The volume of suc-
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rose solution applied to the column was 0.5 or 3.0 ml. The eluent
was 0.01 mol/1 acetate buffer (éH 5.0) and the bed was kept at 25
oc. The experimental methods were the same as those described
above. The sucrose and glucose concentrations in the eluate were
determined by high-performance liquid chromatography {(HPLC). The
gluconic acid concentration could not be analyzed, Because the
elution volume of gluconic acid in HPLC was equivalent to that of
the acetate buffer solution and because ordinary chemical analysis

was useless in low concentrations.

Prediction of elution curves. When the reactions catalyzed
by immobilized enzymes are taken to be a first-order reversible
reaction and first-order consecutive reactions, the methods for
predicting the elution profiles of substrate, intermediate, and

product are described in Chapter 6.

1. 3. Results and Discussion

Kinetic parameters of immobilized glucose isomerase. The
Kichaelis constants and maximum reaction rates for forward and re-
verse reactions catalyzed by immobilized glucose isomerase were
8stimated at 50°C. The values of the kinetic parameters are shown
in Table 7-1. These values are considered to be intrinsic, be-
fduse of the small radius, the fapid magnetic stirring, and the

‘oincidence with the Michaelis constants of free glucose isomerase.
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Table 7-1. Kinetic Parameters of Immobi-

1ized Glucose Isomerase at pH 8.0 and 50°C.

Km Vmax X 103
[mol/1] [mol/1l-s]
Forward reaction 0.259 1.29
Reverse reaction 0.262 1.30

The first-order reaction rate constants for forward and reverse
reactions were calculated from the parameters to be 4.98 X 10

and 4.96 X 10'_3 s-l, respectively.

Physical properties of immobilized glucose isomerase and glu-
cose. The immobilized glucose isomerase was denatured by heat-
ing and packed in a column. The values of the axial dispersion
coefficient, the gel phase diffusion coefficient, and the distri-
bation coefficient of glucose were estimated by moment analysis
of elution curves of glucose. The void fraction of the bed was
determined from the elution profiles of Blue Dextran, which could

not permeate into the gel matrix due to its high molecular size.

Table 7-2. Parameters of Immobilized-
Glucose Isomerase Column and Gluccose at
50°C. |
d € K Dz/u D

P S
{cm] (-] (-] {em] (em™/s]

0.0862 0.407 0:626 0.339 1.29 X 10 °
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The values estimated are listed in Table 7-2. Since the values
of the distribution coefficient and the gel phase diffusion coef-
ficient are relatively small, the gel structure of immobilized

glucose isomerase can be inferred tc be dense.

Pulse response in an immobilized-glucose isomerase columm.

A pulse of glucose or fructose solution was applied to an im-
mobilized-glucose isomerase column, and the glucose and fructose
concentrations in the eluate were determined. The experimental
conditicns are summarized in Table 7-3. The glucose concentration
applied to the column in run 2 was half of that in run 1. BAs sub-
strate solution, a fructose solution was applied in rin 3. In
run 4, the flow rate of the eluent was increased as compared with

other runs. The elution preofiles of glucose and fructose at the

Table 7-3. Experimental Conditions for Pulse Response in an

Immobilized-Glucose Isomerase Column.

Run No. 1 2 3 4
Column size 1.47 cmd X 23.3 om
Substrate glucose fructose glucose
C,o [mol/1] 3.00%1072 1.50X10°% 3.00X10 2 3.00X10 2
Injection 0.5
volume [em™] :

3 -2 -2
Flow rate [cm™ /sl 5.78 X 10 - 9.27X10
kl[s'll _ 4.98 X 107>
ks | 4.9 x 107
Eluent 0.05 mol/1 Tris-HC1 buffer (including 0.01

mol/1 MgSO,, pH 8.0)

4
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Figl 7;1. fa) Elutien profiles of glucose and fructose

in an immobilized-glucose isomerase column in run 2.

The symbols (()) and (A) correspond to glucose and fruc-
tose, respectively. The solid and broken curves were
calculated for glucose and fructose according to the theory
using the values of the dimensionless parameters listed

in the figure. (b) Elution profiles of glucose and fruc-
tose obtained for run 4. The symbols are as shown in

(a). The dimensionless parameters used for calculating

the theoretical curves are listed in the figure.
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outlet of the column, which wefe obtained for run 2, are shown in
Fig. 7-1(a). The abscissa and the coordinate are the time and the
concentration, which are both normalized by the residence time
based on the void volume of the bed and the substrate concentra-
tion applied to the column as a pulse, respectively. Theoretical
elution profiles represented by the solid and broken curves coin-
cide fairly well with the experimental ones. 1In the calculation
of the theoretical curves, the mass transfer coefficient was es-
timated from the correlation proposed by Wilson and Geankoplis.lo)
The elution curve of glucose and fructose broadened by increasing
the flow rate of the eluent. They were obtained in run 4 and are
shown in Fig. 7-1(b). Theoretical elution curves are represent-
ative of the peak broading. The experimental elution curves of
other runs which are not illustrated here were in agreement with
the theoretical ones in the same degree of coincidence as runs 2

and 4.

Physical properties of the acrylamide gel column and glucose.
Acrylamide gel containing no enzymes was packed intc a column.
The values of the axial dispersion coefficient, the gel phase dif-

fusion coefficient, and the distribution coefficient of glucose
were obtained for three differenp gel diameters. The AAmM-BIS
Concentration and the BIS content were the same as those when the
énzymes were immobilized. Results obtained are listed in Table
7~4. The Peclet number for axial dispersion in a fixed bed (=
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Table 7-4. Parameters of Acrylamide Gel

Column and Glucose at 25°C.

d £ K D /u D
P Z '25
[cm] (-] (-1 [cm] [em /s]
0.0651 0.433 0.927 0.144 2.57 X 107
6

0.0856 0.446 0.895 0.283 2.72 X 10

0.1001 0.471 0.879 0.319 2.68 X 10 °

Average - 0.900 - 2.66 x 107°

) 1
udp/D ) is reported to be 1/3 to 1/2 in low Reynolds numbers. 1)
z

In this study, the value of Dz/u is considered to be approximately
twice the gel diameter. The values of the distribution coeffi-
cient and the gel phase diffusion coefficient are similar to those

reported in Chapters 1 and 6.

Pulse response in co-immobilized and mixed-type systems. Two
series of experiments were performed on the pulse response in an
immobilized-enzyme column in which consecutive reactions were al-
lowed to run. 1In the first series, invertase and glucose oxidase
were co-immobilized into a carrier and called a co-immobilized
system. In the second series, the two enzymes were immobilized
independently in different carriers and mixed; a system of this
kind is called a mixed-type system. Experimental conditions for
the two series are summarized in Table 7-5. At runs 5, 6, 8, and
9 the input of sucrose solution was regarded as a pulse one, since

the volume applied to the column was much smaller than the void
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Table 7-5. Experimental Conditicons for Pulse Response in an Immo-

pilized-Invertase and Glucose Oxidase Column.

System Co-immobilized Mixed-type
Run No. 5 6 7 8 o 10
Column size 1.485 cmd X 10.75 cm 1.485 cm¢ X 11.40 cm
-2
CAO [mol/1] 1.50 X 10
Injection 0.5 3.0 05 3.0
volume [cm™]
Flow rate [cm3/s] 0.0124 0.0175 0.0125 0.0175
Rl 0.0270
R R2 [cm] 0.0293 0.0270
£ 0.471 0.466
- 0.433
7
Y - 0.567
2 -3 ' -3
kl [s 7 1.91 X 10 1.21 X 10
k, 1s™h) 8.85 X 107 2.02 X 107>
Eluent 0.01 mol/l acetate buffer (pH 5.0)

volume of the column. To examine the effect of sample volume on
elution profiles, 3 ml of sucrose solution was applied to the col-
unn at runs 7 and 10. As shown later, the inputs were no longer
pulse inputs but had to be considered to be rectangular. The re-
sults for run 5 (co-immobilized type) are illustrated in Fig. 7-2,
where the sucrose and gluccse concentrations normalized by the
sucrose concentration applied to the column are plotted against
dimensionless time. The final product, gluconic acid, in the con-
secutive reactions could not be determined due to the absence of

an adequate analytical method. The solid, broken, and dotted
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Fig. 7-2. Elution profiles of sucrose in a co-immobilized-
invertase and glucose oxidase column. The symbols ([]) and
(()) correspomd to sucrose and glucose. The solid, broken,
and dotted curves represent the theoretical curves for suc-
rose, glucose, and gluconict acid, respectively. Column di-
mension = 1.485 cm¢ X 10.75 cm. The theoretical curves were
calculated using the values 60 = 0,057, § = 91.72, ¢M1 =
0.862, ¢M2 = 0.502, ¢ = 0.674, ¢' = 0.0, and HK = 1.07.

curves in Fig. 7-2 are theoretical curves for sucrose, glucose,

and gluconic acid. The solid and broken curves coincide well with
the experimental ones of sucrose and glucose. Figures 7-3 and 7—4'
show the results for runs 9 and 10 (mixed-type). The curves in
Fig. 7-3 are expressed in the same manner as in Fig. 7-2. 1In Fig.
7-4, the thicker solid, the broken, and dotted curves (1, 2, and

3) were calculated regarding the input of the sucrose solution as
rectangular. Assuming that the input was a pulse, the calculated
curves are shown by the thin curwves (1', 2', and 3'). The thin
curves are not close to the experimental results, including that
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Fig. 7-3. Elution profiles of sucrose and glucose for a

mixed-type system. Symbols and curves are shown in Fig.

7-2. The dimensionless parameters were as follows: 60 =

0.0543, & = 105.6, ¢Ml = 0.575, ¢M2 = 0.743, ¢1 = 0.720,

¢2 = 0.720, El = 0.471, and 52 = 0.617. Column dimension
= 1.485 tmd X 11.4 cm.

the input of substrate solution cannot be treated as a pulse when
a large volume is applied to the column. The experimental elu-
tion curves of glucose are slightly higher than the theoretical
ones in the latter part of curves in all runs. This might be due
that the amount of oxygen dissolved in the eluent was equivalent

to that of glucose produced by invertase-catalyzed reaction in the

column.

Effects of parameters on elution profiles. Since it was
broved that the mass balance model was applicable to the predic-

tion of elution profiles in reversible and consecutive reactions,
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Fig. 7-4. Elution profiles of sucrose and glucose in run
10. The definitions of symbols and curves are shown in
Fig. 7-2. The curves 1, 2, and 3 were calculated regard-
ing the input of the sucrose solution as rectangular.

The curves 1', 2', and 3' were obtained by assuming that
the input was a pulse. In the calculation of the curves
8 = 0,3257. The values of other parameters were the

o
same as those in Fig. 7-3.

the effects of the dimensionless parameters on elution profiles

were then examined from the theoretical calculations. Figures

7-5, 7-6, and 7-7 show the effects of the &, ¢, and 80 values on

the elution profiles of the product in a reversible reaction at

two HK values. 6§ [= Z/(Dz/u)] indicates the ratio of column

length to the distance of the mixing of flow inside a column. ¢

1/2. .
(= Rll/(DsT)] / } is the square root of the ratio of the diffu-
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Fig. 7-5. Effect of the § value on the elution profiles
of the product in a reversible reaction. The values of
the parameters used in the calculation were BQ = 0.01,

e = = ' =
¢Ml 0.5, ¢M2 0.354, ¢ 0.5, and ¢ 0.0.
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Fig. 7-6. Effect of the ¢ value on the eiution profiles
‘of the product in a reﬁe;Sible reaction. 8_ = 0.01, $u1

0
= 0.5, ¢,, = 0.354, ¢' = 0.0, and § = 1000,
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Fig. 7-7. Effect of sample volume on the elution profiles
of the product in a reversible reaction. The curves are
obtained under conditions where ¢M1 = 0,5, ¢M2 = 0.354, 9
= 0.5, ¢' = 0.0, and § = 1000.

sional time in the gel to the residence time in the void volume

of a column. 60 (= tO/T) is the ratio of the sample volume appli-
ed to a column to the void volume of a column. HK [= (1 - £)K/€]
represents the ratio of the effective gel phase volume for a sol-
ute to the void volume of a column. The effects of these parame- |
ters on the elution curves were examined under conditions where
the reaction was free from film mass transfer resistance. As
shown in Fig. 7-5, the § value does not affect the peak position
and symmetry of elution curves but relates thelwidth of the curves.
When the 4 value increases, that is, when the gel phase diffu-

sional resistance is significant or the residence time is short,

the elution curve broadens (Fig. 7-6). Although not shown in Fig-
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7-8. fTheoretical elution profiles of the final pro-

duct of consecutive reactions in co-immobilized and mixed-

tpye enzyme columns. The product of each reaction rate

constant and the residence time is kept the same. Symbols

C and M represent the co-immobilized and the mixed-type

system, respectively. The values of Bo and § were set to

be 0.01 and 1000 for both systems. The HK value was 1.5.

The
the

for

values of El and 52 were both 0.75. The ¢' value for
co-immobilized system was 0.0, The wvalues of ¢, ¢l,
¢2 were 0.1 for C-1 and M-1l, 0.5 for C-2 and M-2, and
for C-3 and M-3. The ¢Ml and ¢M2 values were 0.0708
0.0636 for C-1, 0.354 and 0.318 for C-2, 1.77 and 1.59
C-3, 0.10 and ©0.09 for M-1l, 0.5 and 0.45 for M-2, and

2.50 and 2.25 for M-3. Curves C-1 and M-1 are added to-

gether.

7-6, the

increase of the ¢ value results in the early appearance

of a peak and in the asymmetry of the elution curve of the sub-

strate.

Curves.

Figure 7-7 shows the effect of sample volume on elution

When the sample volume is less than 5% of the void volume
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Fig. 7-9. Effect of the ratic of the rate constant of a
first-step reaction to that of a second-step reaction on
the elution curves of the final product in consecutive
reactions with low ¢ and ¢Ml values. Symbols are shown
in Fig. 7-8. The curves were calculated under conditions
where 60 = 0.01, § = 100, ¢Ml for C-4 to C-7 0.354, ¢M1
for M-4 to M-7 = 0.50, ¢ = ¢l = ¢2 = 0.5, ¢' = 0.0, HK =
1.5, El = Ez = 0.75, ¢M2 for C-4 = 0.317, ¢M2 for C-5 =
0.50 el = - ’ - = .

o, ¢M2 for C-6 0.708 ¢M2 for C-7 3.54, ¢M2 for
M-4 = 0.47 -5 = 0. -6 = 1.

0.477, ¢M2 for M-5 0.707, ¢M2 for M-6 1.00, and

for M-7 = 5.00.

|

¢M2

of a bed, the sample volume effect is not observed and the elutionm
curve coincides with that obtained by pulse approximation. Howev-
er, when the sample volume is over 5% of the void volume, the elu-
tion curve retreats and broadens. This tendency is promoted by
decreasing HK wvalues.

Figures 7-8 to 7-10 show the elution profiles of the final pro-
duct in consecutive reactions. In Fig. 7-8, the reaction rate

constants of consecutive reactions are varied keeping constant the
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Fig. 7-10. Theoretical elution profiles of the final pro-
duct of consecutive reactions at high ¢ and ¢Ml values.

The values of 80, §, and ¢ (¢1 = ¢2) were 0.01, 1000, and
2.50, respectively, for all curves. The ¢' value was 0.0.
The HK value was 1.5, and ¢l = ¢2 = 0.75. The ¢M1 value
for the co~-immobilized system was 1.77, and that for the
mixed-type one was 2.50. The ¢M2 values for C-8, C-9, and
C-10 were 1.60, 2.50, and 3.54, respectively. The,cbM2 val-
ues for M-8, M-9, and M-10 were 2.25, 3.53, and 5.00.

preduct of each rate constant and the residence time. The conver-
sion in the first-order reaction is provided only the value of the
product. The reaction rate constant is the largest and the resi-
dence time is the shortest in C-3 and M-3. As this figure shows,

4 long tail appears and a clear peak is not obtained when immobi-
lized enzymes of high activities are prepared and the residence
time shortened for a rapid analysis. The ratio of the reaction
rate constant of the first step to that of the second step is vari-
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ed in Figs. 7-2 and 7-10 with constant ¢ values. The small ¢ val-
uwe corresponds to the small gel radius or the long residence time,
The elution curves are symmetrical and there is little difference
between the co-immobilized system and the mixed-type one in Figq.

7-9, since the ¢ and ¢M1 values are set to be small. On the other
hand, Figure 7-10 shows that asymmetrical curves are obtained when
¢ and ¢Ml are large. These conditions are unfavorable for analy-

sis.

7. 4. Summary

A pulse of substrate solution was applied to an immobilized-
enzyme column, in which the substrate was then converted by re-
versible or consecutive reactions. Immobilized glucose isomerase
was used for the reversible reaction, and immobilized invertase
and glucose oxidase for the consecutive reactions. The elution
profiles of substrate and product were determined experimentally.
These profiles were in good agreement with the ones predicted
theoretically. The effect of some parameters on the elution pro-

files for reversible and consecutive reactions was discussed.

Nomenclature

Ci concentration of component i in mobile phase fmol/1]
Chg concentration of substrate applied to a column [mol/1]

Ds gel phase diffusion coefficient [cm2/51
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axial dispersion coefficient

particle diameter

= (1l - g)/¢

distribution coefficient

first-order rate constant for forward or first
step reaction of reversible or consecutive reac-
tions.

first-order rate constant for reverse or second
step reaction of reversible or consecutive reac-
tions .

mass transfer coefficient

particle radius

time

sample injection time

linear interstitial velocity

= C;/Ca0

bed height

" volumetric fraction of gel with;Ri to total gel
=z
/(D _/u)

void fraction of bed

t/t

]

t /T
0/

(1 - E)YiK/E
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[en®/s]
[cm]

(-]

[-]

[s ]

[s 7]
[em/s]
* [em)
[s]

[s]
[em/s]
-1

[cm]



T average residence time based on the void veolume

of bed [s]
6 = R[l/(DsT)]l/z [-]
0 = RO/ kR0 [-)
_ 1/2 _
4, = R(K/D) i-)
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Chapter 8
Determination of Pyruvate and L-Lactate in

Human Serum by Pulse Response Technigue

8. 1. Introduction

The theoretical method for predicting elution curves was repre-
sented and its validity was experimentally confirmed with an irre-
versible invertase reaction in Chapter 6, and with a reversible
glucose isomerase reaction and a consecutive invertase-glucose ox-
dase reaction in Chapter 7. 1In this chapter, the pulse response
technique using an irmobilized-lactate dehydrogenase_(LDH) column
is applied to determination of pyruvate and L-lactate in human
serum. The concentrations of pyruvate and L-lactate loaded were
analyzed from the elution curve of NADH, which was involved in the
reaction system and has a specific absorption at 340 nm. Accord-
ing to the theoretical considerations mentioned in Chapter 6, LDH
was immobilized onto non-porous support with small diameter to ob-
tain the sharp elution curve at the short retention time.

Here we describe the reaction systems and the operating condi-
tions which were used in the analysis of each of the two substances
(pyruvate and L-lactate). The following reaction is the key reac-
tion in analysis of these two substances.

LDH
+
pyruvate + NADH + H =—= L-lactate + NAD+ (8-1)
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This reaction is reversible and its equilibrium point depends on
the pH of the buffer solution used.

At pH 7.4, the equilibrium constant is so large (104) that the
reaction from the left- to the right-hand side predominates, and
the reaction can be approximately treated as an irreversible one.
From the stoichiometric relationship shown in Eq. (8-1), the change
in the concentration of pyruvate can be evaluated by measuring the
decrease in the concentration of NADH.

When Qe measure the concentration of L-lactate, we must adjust
the reaction conditions so that the equilibrium in Eg. (8-1) will
shift to the left-hand side, i.e., so that the reverse reaction
in Eq. (8-1) may proceed. To realize this situation, the utiliza-
tion of glycine-hydrazine buffer (pH 9.4) is effective. As shown
in Eqgs. (8-2) and (8-3), pyruvate formed through the reacticn in
Eqg. (8-2) is removed from the LDH-catalyzed reaction system using

the reaction in Eq. (8-3).

+ LDH
L-lactate + NAD -——> pyruvate + NADH + H' (8-2)
pyruvate + hydrazine — hydrazone (8-3)
8. 2. Materials and Methods
Reagents. Lactate hehydrogenase from pig heart was purchased

from Toyobo. The kit reagents for analyzing pyruvate and L-lac-

tate (Pyruvate Test and Lactate Test) were obtained from Boehriger-
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+ ..
gannheim. NAD and NAD were products of Kohjin. Non-porous glass
pea@s were sieved to be less than 400 mesh. All other reagents

were of analytical grade.

Immobilization of LDH onto non-porous glass beads. The pro-
cedure for immobilizing LDH onto non-porous glass beads via diazo-
coupling was essentially the same as that described.in papersl'z)
except for some modifications. Glass beads {30 g) were allowed
to reflux in a 10%(v/v) solution of 3-aminopropyltriethoxysilane
in dry toluene for 10 hr. The beads were washed with toulene and
then dried in vacuum. The beads were suspended in 40 ml of 50%
(v/v) N,N-dimethylformamide (DMF). After the addition of a satu-
ratéd solution of p-nitrcbenzoylazide in a mixture of 40 ml of DMF
and 60 ml of 0.2 mol/l borate buffer (pH 9.3) to the suspension,
the beads were stirred for 3 hr at room temperature. After the
beads were washed with 150 ml of 50%(v/v) DMF and then with 150 ml
of water, the nitro group was reduced to amino group by stirring
the beads in 100 ml of a mixture of 0.5 moi/l NaHCO3 and 0.1 mol/

l dithionite (pH 8.5) at 37°C for 1 hr. The beads were then wash-
ed with 300 ml of water. Diazotization of the p-amino group was
achieved by stirring the beads in 100 ml of chilled 0.1 mol/l

I'[aNO2 in 0.5 mol/l HCl. The resulting p-diazotized beads were
Successively washed with 150 m} of water, 50 ml of 1% (w/v) sulfamic

acid, and 150 ml of water. The beads were incubated overnight at

4°C with 50 ml of LDH in sodium phosphate buffer (pH 8.3). After
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being filtered on a glass filter, the beads were treated for one
day at 4°C with 150 ml of 0.1% (w/v) bovine serum albumin (BSA) in
the phosphate buffer to cover the p-diazo group uncoupled with
1DH. The immobilized~LDH beads were filtered and washed with 200
ml of 0.5 mol/1l NaCl and with 150 ml of potassium phosphate buffer
(pH 7.4) or glycine-hydrazine sulfate buffer (pH 9.4). The immo-

pilized LDH had high activity and good stability (data not shown).

Pretreatment of serum. Two ml of 0.6 mol/l HClO3 were added
to 1 ml of human serum. The mixture was kept at 0°C for 1 hr, and
then centrifuged at 2500 r.p.m. for 15 min. 1.5 ml of the supexr-
natant was pipetted into a test tube. 0.2 ml of 1.0 mol/l tri-
ethanolamine hydrochloride and 0.125 ml of 5.0 mol/l cho3 were

added to it. The mixture was settled at 0°C. The supernatant was

used for determining pyruvate and L-lactate concentrations.

Experimental apparatus. Figure 8-1 is a diagram of the ex-
perimental apparatus. The micropump (KHD-26), damper (KD-1), pres-.
sure gauge (KPG-250L), and sample injector (KHP-UI-130) are pro-
ducts of Kyowa Seimitsu. The size of the stainless steel column
is 8 mmd ¥ 200 mm. The immobilized-LDH column was kept at 25°C
by circulating thermostatic water through a jacket. This appara-
tus is similar to that for high-performance liquid chromatography.
The absorbance of eluate at 340 nm was monitored by a spectrophoto-

meter (Shimadzu, SPD-2A). All instruments were connected by using
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Fig. 8-1. Schematic diagram of experimental apparatus.

stainless steel tubing (I.D. 0.5 mm).

Determination of pyruvate. A pyruvate solution (100 ul),
which included NADH at the same concentration as the eluent, was
applied to the immobilized-LDH column through the sample injector

and eluted with 8.88 X 10 °

mol/l NADH in 0.1 mol/l potassium
phosphate buffer (pH 7.4). The flow rate was 0.894 ml/min. The
absorbance of eluate at 340 nm was measured by a spectrophotometer
and recorded. By applying pyruvate solution of known concentra-
tion, a standard curve relating the decrease in absorbance at 340
nm, —AA340, to pyruvate concen#ration was prepared. 100 ul of the

Pretreated serum was injected into the column and the value of

—AA340 was observed. The concentration of pyruvate in serum was
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(b)

Absorbance at 340nm

| L
041 0.2 03 0.4
Concentration of pyruvate [mmo1/1]

Fig. 8-2. Pulse response of pyruvate of known concentra-
tion. (a) Elution profiles of pulse inputs of pyruvate.

(b) Plot of ~AA340 against the concentration of pyruvate
injected.

also analyzed by the procedure given in the manual enclosed with

the Pyruvate Test.

Determination of L-lactate. As an eluent, 1.36 X 10_3 mol/1l
+
NAD in glycine-hydrozine sulfate buffer (pH 9.4) was used. The

flow rate was 0.948 ml/min. The increase in absorbance of the

eluate at 340 nm, AA340, caused by the formation of NADH during

the reaction, was measured. The sample volume injected into the

immobilized-LDH column was 100 ul. The concentration of L-lactate
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Fig. 8-3. Elution profiles of pulse inputs of the pre-

treated human serum. Details are described in text.

in serum was determined by both the pulse response technique and
the usual Lactate Test. L-Lactate solutions of known concentras:
tions were prepared by diluting the standard 1 mol/l L-lactate

solution obtained from Boehringer-Mannheim.

8. 3. Results and Discussion
Determination of pyruvate. ‘ Figure 8-2(a) shows the elution
profiles of pulse inputs of pyruvate, the concentration of which

were known. The elution profiles are sharp and symmetrical in
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Fig. 8-4. Comparison of proposed technique with the

ordinary one for determination of pyruvate.

shape. The width of peak is less than 2 min. Therefore, a sample
was injected every 3 min. In Fig. 8-2(b), the maximum decrease in

absorbance at 340 nm, . is plotted against the concentration

8340
of pyruvate applied. Under the experimental conditions, geood lin-
earity was observed between them. Figure 8-3 shows the elution
curves of pulse inputs of the pretreated human serum. By using
the standard curve in Fig. 8-2(b)}, the concentration of pyruvate
in the serum was calculated from the maximum decrease in absork-
ance at 340 nm. As shown in Fiq. B8-4, a good correlation was ob-

tained between the concentration of pyruvate in serum determined

by the pulse response technique and that determined by the usual
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Pig. 8-5. Pulse response of L-lactate on known concentra-
tion. {(a) Elution curves of pulse inputs of L-lactate.

(b} Plot of AA340 against the concentration of L-lactate

injected.

Pyruvate Test.

Determination of L-lactate. A pulse of L-lactate solution
applied to the immobilized-LDH column was eluted with glycine-hy-
drazine buffer (pH 9.4) containing NAD+. The absorbance of the
eluate at 340 nm was recorded. Figure 8-5(a) shows the elution
profiles of pulse inputs of L-lactate solution, the concentrations
of which were known. In Fig. 8-5(b), the peak height of the elu-
tion profiles, AA340, are plotted against the L-lactate concentra-
tions. A linear relationship was observed between them. The con-
centrations of L-lactate in human serums were analyzed using the

pbulse response technique, although the elution curves are not

193



= 40 I | [ o
©

E

= 3.0 —
=g

o &

~ £ 2.0 —
-9 (o)

52

28101 -
+— O

9

FEy.N

5 0 | | |

g 0 1.0 20 30 40
(5]

Concentration of L-lactate [mmol/1]
Lactate Test

Fig. B-6. Comparison of proposed technique with the

ordinary one for analysis of L-lactate in human serum.

shown. Figure 8-6 illustrate that there is a good correlation be-
tween the concentration of L-lactate in serum determined by this

technique and that analyzed by the usual Lactate Test.

Discussion. The immobilization of an enzyme onto non-porocus ’
particles with small diameter reduces the spreading of the elution
curve, because the degree of axial dispersion is proportional to

the particle diameter3)

and there is no spreading due to diffusion
of the substrate into the particle. Therefore, in this study, LDH
was immobilized onto non-porous beads of small diameter.

The pulse response technique has the following merits; the

sample volume is very small, the time required for a sample is
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Table 8-1. Comparison of Proposed Technique with
Ordinary One for Determination of Pyruvate and L-

Lactate.
Proposed technique Ordinary technique
sample . sample 5
component volume time volume ime
[ml} [min) [m1] _ [min]
pyruvate 0.1 1.5 2 5
L-lactate 0.1 1.5 2 60°

a end point method.

short, and the handling is easy. Table 8-1 illustrates the com-
parison of the technigue proposed with the ordinary one for pyru-
vate and L-lactate determinations. As shown in Table 8-1, the

merits described above are evident.

8. 4. summary

The pulse response technigue using an immobilized-lactate de-
hydrogenase column was utilized to determine the concentrations of
pyruvate and L-lactate. Lactate dehydrogenase was immobilized
onto non-porous glass beads. The beads were packed in a column.
A hundred microliter of sample was applied to the column and elut-
ed with an adequate buffer soluﬁion coéntaining NADH or NmD+. The
absorbance of the eluate at 340 nm was continuously measured. The
Peak height was found to be proporticnal tc the concentration of

the sample loaded. This technique was applied to determination
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of pyruvate and L-lactate in human serum. There were good corre-
lations between the concentrations of these components determined

by this technique and those determined by the usual method.
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Chapter 9

Application of Pulse Response Technique

to Determination of Enzyme

9. 1. Introduction

Former studies on application of immobilized en;ymes to analy-
sisl_s) are mainly concerned with determination of substrates.
Determination of enzyme activity also, however, is impoftant in
clinical chemistry.

In this chapter, it is shown that the pulse response technigque
can be utilized for determining an enzyme in serum. Glutamic py-
ruvic transaminase {GPT, EC 2.6.1.2) was selected aé the enzyme
whose concentration should be determined. This selection was
based on the facts that lactate dehydrogenase (LDH), which could
be immobilized onto non-porous glass beads in a preﬁious chapter,
is an indicator enzyme for analyzing GPT, the determination of GPT
concentration is important in clinical analysis; and tﬁe elution
profile of NADH is easily obtained by monitoring the absorbance
at 340 nm.

The concentration of GPT is determined batchwise using the fol-

lowing reaction system:

L-alanine + a—ketoglutanate‘—EEE-pyruvate + L-glutamate

(9-1)

+
pyruvate + NADH + H _LoH, L-lactate + NAD {9-2)
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Although soluble LDH is used in the usual method, use of immobi.-

1ized LDH will make the operation easy and reduce its cost.

9. 2. Materials and Methods

Reagents. Lactate dehydrogenase and glutamic pyruvic trans-
aminase were both from pig heart and were purchased from Toyobo and
Boehringer-Mannheim, respectively. The kit reagent for analyzing
GPT (GPT Test) was obtained from Boehringer-Mannheim. NAD+ was a
product of Kohjin. Non-porous glass beads had a diameter of ca.

400 mesh. All other reagents were of analytical grade.

Immobilization of LDH. LDH was immobilized onto non-porous
glass beads via diazo-coupling. The procedures of immobilization

were the same as those described in Chapter 8.

Experimental apparatus. The experimental apparatus used in

this chapter was the same as that utilized in Chapter 8.

Elution profile of pulse input of GPT solution. The eluent
was 0.1 mol/l potassium phosphate buffer, in which 8.72 X 10_5
mol/1 NADH, 6.71 X 10 ° mol/1 a-ketoglutarate, 3.22 X 1072 mol/1
DL-alanine, and 0.1%{(w/v) bovine serum albumin (BSA) were included.
The GPT solution applied to the immobilized-~LDH column included
NADH and a-ketoglutarate at the same concentrations as in the elu-
ent. 100 ul of GPT solution were injected into the top of the

column and eluted at the flow rate of 0.954 ml/min. The absorb-
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ance of the eluate at 340 nm was recorded. The concentration of
GPT solution applied was determined by the GPT Test. The relation-
ship between the variation of absorbance at 340 nm, _AA34O’ and

the concentration of GPT sclution was examined.

9. 3. Theoretical Considerations.

A method for predicting elution curves of the components con-
cerned with the determination of an enzyme is presented here based
on the mass balance model used in Chapter 6. The basic partial
differential equations are transformed to the Laplace domain and
the solutions in the domain are obtained. The solutions are ob-
tained by ignoring the resistance of film diffusion. The solutions
in the time domin are numerically calculated by Egs. (6-13) or
(6-16) .

The reaction system utilized in determination of GPT is consid-
ered. Two cases are discussed depending on the kinds of supports.
The first is where IDH is attached to non-porous support. The
second is where LDH is immobilized to porous carrier. The pore
size of the porous carrier is small and GPT cannot penetrate into
the carrier. We assume that the formation rate‘of pyruvate is
broportional to the GPT concentration and is independent on the
concentrations of L-alanine and &-ketoglutarate, that the forma-
tion rate of NAD+ is linear td the pyruvate concentration, and

that the GPT- and LDH-catalyzed reactions are both irreversible.
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Non-porous support.

Mags balance equations referring to the

+ .
concentrations of GPT, pyruvate, and NAD are given by

2
ac 3 C aC
E_op g _ E {9-3)
at Z 3z 3z
2
8l 9 CP BCP 1 -¢ 3
Pop—2_ w2k, - — kG, (9-4)
ot z 9z 9z £ R
acC 32C ac 1 -¢3
N _p_N_ N, — X,Cp (9-5)
at Z 3z oz £ R

where the subséripts of E, P, and N represent GPT, pyruvate, and

+ .
NAD , respectively.

follows:
t =0, zZ >
O;t:to, z =
t > to, z =
t>0, z =

Initial and boundary conditions are given as

0, Cp=Cp=Cy = 0 (9-6a)
0, Cp = Cgo (9-6b)
0, CE =0 (9-6c)
0, C,=Cg=0 - (9—6d).

By applying the laplace transform to these differential equations,

the solutions of CE'

Cpr and CN in the Laplace domain were obtain-

ed in the nondimgnsional forms of Ygr Ypr and Yy where y. (i = E
1

P, and N) is defined as Ci/CEO' ;; represents the solution in the

Laplace domain.

§£ = [{1-EXP(-590)}/51-exp(ml)

(9-7)
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Yp = [{1—exp(-590) }/s] [nl/(nZH)] [exp(wl)—exp (wz)] {9-8)
;N = [{l1-exp(-s8,)}/s]n
11/ (144 1/8) 5121/ (0,1 Jexpw ) +{1/ (n B) Jexp(w,) ]
(9-9)
where
w, = —s/[1/2+{l/4+(1/6)s}1/2] (9-10a)
1/2
w, = (-s-nzH)/[1/2+{l/4+ (1/8) (s+n2H)} ] {(9-10b)
and
8 = 2/(D_/u) ' (9-11a)
n, = le : , ‘ R (9-11b)
n, = 3k2‘t/R - ‘ ' - (9=Ilg)
H =

(1-e/e O (9-11a)
and T is the average residence time with respect to void volume

of the column. When the input of GPT can be considered‘to be a

pﬁlse, the term [) - exp(-seo)j/é can be approximated by eo.

. Porous support. When LDH is immobilized to porous support

and GPT cannot penetrate into the support, the mass balance'equa—
; + .

tions for GPT, pyruvate, and NAD - are given by the following equa-

tions.
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aC a’c oC
~E_p g -t (9-12)
3t 2 3z 3z
aC 32C aC l-e 3 aCPS
Eop—-u E + %, Cp (9-13)
It Z 3z 2z € R or |r=R
ac 32C 2 9C
PS _ D, ( zs b BSy K,Coq (9-14)
at ar r odr
aC 820 aC l-¢ 3 aC
Sop—3 - v - —Dy NS (9-15)
ot z 9z oz € R ar |r=R
ac 3%c 2 3C
NS _ Dy ;’S b =5 X Coe (9-16)
ot ox r or
where CiS represents the concentration of component i at the gel

pPhase. DP and DN are the gel-phase diffusion coefficients of py-

+ X _
ruvate and NAD , respectively. 1Initial and boundary conditions

are given as follows:

t=0, z > 0, Cp =0 (9-17a)
C, =Cpg =0 (9-17b}
Cy = Cyg = © (9-17c)
t > 0, r = R, Cpg = K,*Cp (9-174)
Chs = Ky'Cx (9-17e)
t > 0, r =0, acps/ar =0 (9-17£)
BCNS/ar =0 (9-17q)



z =0, cC.==cC (9-17h)

o’ E EO
t > to, z =0, CE =0 (9-171)
t > 0, z =0, CP =0 (2-1773)
cN =0 (9-17%)

The solutions of Ypr Ypo and Yy in the Laplace domain are given

by Egs. (9-18) to (9-20}.

Yg = [{l-exp(—seo)}/s]'exp(m3) (9-18)
—_— _ _ _ . 2
Yp = [{l1-exp( 590)}/51 [n.ch /(3I-H(P)\P)]
«fexp (m3) —exp(u)4) ] . {9-19)
-s56 2, 2

L
Il
[\ ]

N 2
s (bp =ty 1+4y  Ap
3HK A, 1
-{ 2 ) exp (ms)
31L11§~TJ\1q 3HKPAP—(¢P /q:N )31-11%])\N
1 1 |
- rexplug) - ——F—p— exp(w,) }
3HK A (6, /6,7) 3HK A_-3HK A
(9-20)
where
-8 . .
W, = : (9-21a)
e o s
. | ,
-s - 3ER,X /4,
Y4 = iz - (9~21b)

1/2+[1/4+(1f6)(s+3HKPAP/¢P2)]
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-5 - 3HK A /¢ 2

Y = NN N (9-21¢)
5 4+ (1/8) (S+3HK A /¢ 2,172
1/2+([1/ Kot n On
2 2,1/2 2 2.1/2 _ oo
AP = (5¢P +¢M ) coth(s¢P +¢M ) 1 { 2a)
_ 2.1/2 2.1/2 _ .
AN (s¢N ) coth(s¢N ) 1 ( )
and
= (9-23
hl k. a)
= 1/2 9-23
¢M = R(kz/DP) ( b)
_ 1/2 )
¢P = R[l/(DPr)] (9-23c)
~ 1/2 )
¢ R[l/(DNr)} (9-234d)
H](P = (1 - E)KP/E {9-23e)

(1 ~ E)KN/e

e

Although the solutions can be found where GPT can penetrate into
the gel phase, they become much more complex. The solutions

shown here are obtained under the assumption that GPT cannot per-
meate into the gel phase. This assumption may be reasonable when

IDH is immobilized to acrylamide gel, k-carraginane, etc.

9. 4. Regults and Discussion

Theoretical elution profiles of NAD+. Elution profiles of
NBD+ were theoretically calculated for columns packed with LDH im-
mobilized on non-porous support and into porous carrier. Figure

9-1 shows the elution profiles of NAD' in the column packed with
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Fig. 9-1. Elution profiles of NAD in a column packed

with LDH immecbilized onto non-porous support.

LDH immobilized onto non-porous support. The curves are calculat-

ed for

amount

tained

of LbH

various mn, values. The large n

5 value means. that the

2

of LDH immobilized is much. Symmetrical curves are ob-

without distinction of the n2 value. The more the amdunt

immobilized is, the larger the response is. The response,

however, is not in proportion to the amount of LDH immobiljized.

. . s + .
Figure 9-2 shows the elution profiles of NAD in the column in

which LDH immobilized into porous support is packed. The profiles

are calculated for various ¢M values. As the ¢M value becomes

larger, the response becomes larger. Asymmetrical curves, however,

are observed with an increase of the ¢M value. The elution curves

Calculated for porous support are much broader than those cbtained
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Fig. 9-2. Elution profiles of NAD in a column in which

LDH immobilized into porous support is packed.

for non-porous support. These figures show that the use of LDH
immobilized onto non-porous support gives symmetrical elution
curves and reduces the spreading of the curves if the immobilized

enzyme has enough activity.

Elution profile of a pulse input of GPT solution. A pulse
of GPT solution applied to the immobilized-LDH column was eluted
with 0.1 mol/l potassium phosphate buffer (pH 7.4) containing
NADH, a-ketoglutarate, DL~alanine, and BSA. When the eluent in-
cluded no BSA, an asymmetrical elution curve with a long tail was

observed. The tail could not curtailed by increasing the ionic

strength of the eluent by the addition of NaCl. A relatively
sharp elution curve was obtained when BSA was added to the eluent,

although the reason for the decrease of tail is not evident. Fig-
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Pig. 9-3. Pulse response of GPT solution. (a) Elution
profiles of pulse inputs of GPT. (b) Relation between
-AA and the concentration of GPT applied.

340
ure 9-3(a) shows the elution profiles of pulse inputs of GPT solu-
tions. Each peak is labelled with the concentration of GPT appli-
8, as determined by the GPT Test. As shown in Fig. 9-3(b), the

Daximum decrease in absorbance at 340 nm was linearly related to
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Table 9-1. Comparison of the Pulse Response Tech-
nique with the Usual One for Analysis of GPT.

Sample volume Time

(ml] [min]
Pulse response technique 0.1 3
Usual technique 0.5 5

the concentration of GPT applied. This relationship can be used
for analyzing GPT in serum. However, any pyruvate in the serum

must be removed before the analysis of GPT.

Discussion. Table 9-1 jillustrates the comparisom of this
technigque with the usual one for determination of GPT. This tech-
nigue requires smaller amount of sample and shorter time than the
usual one.

Former studies on applications of immobilized enzymes to analy-
sisl-s) are mainly concerned with determination of substrates.
Determination of enzyme activity also, however, is important in
clinical chemistry. The pulse response technique is very useful
for analysis of enzymes as well as for analysis of substrates.

This technique might be useful for the analysis of another en-
zyme. For example, use of immobilized malate dehydrogenase may
achieve the determination of glutamic oxaloacetic transaminase as

well as L-malate and oxaloacetate.
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9. 5. Summary

Pulse response technique was extended to analysis of an en-
zyme. An indicator enzyme was immobilized and packed intoc a col-
umn. A pulse of the enzyme to be analyzed was introduced to the
top of the column and eluted with an adegquate soluticen. The elu-
tion curve of a component which could be measured'easily was ob-
served and the activity of the enzyme was determined from the
intensity of the curve. The method for predicting the elution
profile of the component was presented. Use ¢f enzyme immobiliz-
ed onto non-porous support gives symmetrical elution profiles at
short retention time. The pulse response technique was applied
£o determination of glutamic pyruvic transaminase (GPT)} by using
lactate dehydrogenase immobilized ontc non-porous glass beads.
The peak height of elution profile of NADH was in proportion to
the GPT concentration leoaded. The technique could reduce the
amount of sample and time required to analyze GPT compared with

the usual technique.

Nomenclature
CEo total concentration of enzyme [mol/17, [U/1]
Ci concentration of component i at mobile phase [mol/1]
Cis concentration of iAat gel phase [mol/1]
Di gel-phase diffusion coefficient of i (i = P and N)

[cmz/s]
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axial dispersion coefficient

= (1 - €)/e

distribution coefficient

first-order rate constant of the first-step

reaction

first~order rate constant of the reaction
catalyzed by the indicator enzyme

* particle radius

radial distance
Laplace variable
time

sample injection time

linear interstitial velocity

= Ci/cﬁo

solution of Y; in Laplace domain

bed height

axial distance

='Z/(Dz/u)

void fraction of bed

T =k.T

1
3k21/R

= /T

&
o’ T
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T average residence time [s]

R[l/(DiT)]l/z -]

/2 [-]

<
I

by R (k2/DP) 1
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" PART III

PRODUCTION OF HIGHER FRUCTOSE SYRUP



PART IITI

PRODUCTION OF HIGHER FRUCTOSE SYRUP
Introduction

Fructose syrup is a concentrated aqueous solution of fructose,
glucose, and oligasaccharides. The most common t&pe of fructose
syrup contains 42% fructose, 52% glucose, and 6% oligosaccharides
on dry basis.l) This type of syrup is usually called high fruc-
tose syrup. It is a new type of sweetner and used in place of
sucrose in some foods and beverages. Since fructose is sweeter
and more soluble into water at low temperatures than glucose, it
ié desired to raise the content of fructose in the syrup to the
level of 55 to 90%. This type of syrup is called higher fructose
syrup.

Isomerization of glucose to fructose catalyzed by an enzyme
(glucose isomerase) is a reversible reaction with the egilibrium

2 . .. C sy .
) and finally gives an equilibrium mix-

constant of 1.0 at 50°C,
ture containing about 50% glucose and 50% fructose. In order to
Produce higher fructose syrup containing fructose mcre than 50%,

2 process to separate fructose from the mixture is required. Some
Processes to separate fructose from the mixture are known.3’4)
These require the solid sepa;a£ion and desalination processes,

and hence are complicated and unsuitable for a commercial process.

A powerful process used at the present time is a selective adsorp-
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tion method using Ca2+ ion forms of ion exchangers. These may
be classified into the chromatographic and simulated moving-bed
operations. In the adsorptive separation process, water is used
as a desorbent. The water must be evaporated in the succeeding
process. With a rise of energy cost, it is desired to develop a
new process for producing higher fructose syrup, which can reduce
the amount of water and save the energy cost.

In this part, some types of adsorptive separation methods of
glucose and fructose from their mixture are discussed. Chapter
10 deals with the adsorbent to separate glucose and fructose and
with a chromatographic separation in a fixed-bed adsorber.

In Chapter 11, we explain in detail on glucose/fructose separa-
tion utilizing a simulated moving-bed adsorber6) and present the
analytical methods for calculating the concentration profiles in
the adsorber and their validities are confirmed experimentally.

In Chapter 12, we develop a new process to produce higher fruc-
tose syrup using a system which includes the adsorption process
and the immobilized-glucose isomerase reaction.

In Chapter 13, three processes for producing higher fructose
syrup, that is, the chromatographic process, the process utilizing
the simulated moving-bed adsorber, and the process developed in
Chapter 12, are compared. It is shown that the third process can

save the quantity of desorbent compared with other processes.
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Chapter 10

Chromatographic Separation of Glucose and Fructose

10. 1. Introduction

The chromatographic separation of glucose and fructose requires
a great amount of water as desorbent compared with the processes
described in Chapters 11 and 12. This process is, however, suit-
able for a small scale separation because the equipment is simple
and tﬁe operaticn is easy.

In this chapter, we consider the design problem of the chromato-
graphic separation of gluccse and fructose from their mixture.
The adsorbent which has an adsorption selectivity for fructose is
loocked for. The adsorption isotherms of glucose and fructose for
two adsorbents are obtained. Methods for predicting the chromato-
graphic'elution profiles and the breakthrough curves in a fixed-

bed adsorber are presented.

10. 2, Materials ané Methods

Adsorbents and Chemicals. Amberlite IR-120B and Dowex 50W
were purchased from Organo and Muromachi Chemical Industries, re-
spectively. Ion-exchangers S-07 and 5-22 were kindly supplied by
Organo. These ion exchangers were prepared in Ca2+ or Mg2+ icn
form. Ca2+ ion is known to be an effective cation to adsorb fruc-
1) '

2+
tose. The reason why the Mg” ion form is examined is as fol-

lows: 1In Chapter 12, we will propose a new system for producing
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higher fructose syrup in which the glucose/fructose mixture is
alternately passed through cation exchanger cclumns and immcbiliz-
ed-glucose isomerase reactors. The glucose isomerase requires

24, s . I 2)
Mg ion for exhibiting its activity. The use of any adscorbent

2+ , . . .
in its Mg form is advisable from both pcints of adsorption and
the reaction if the form is effective for the glucose/fructose
R 2+ . :

separation. Therefore, Mg ion forms of ion exchangers were ex-—

. 2% 24 \ . .
amined. Ca and Mg ion forms of Y zeolites were kindly suppli-
ed by Toyo Soda Mfg. Co., Ltd.

Glucose and fructose were purchased from Nakarai Chemicals.

Other reagents were of analytical grade.

Determination of glucose and fructose. Glucose and fructose
were mainly analyzed using a high-performance liquid cﬁromato—
graph (Shimadzu, LC-3A) equipped with a separation column (Shima-
dzu, SCR-101N) and a differential refractometer (Showa Denko, Sho-
dex RI SE-11). The glucostat method3) and the method of Roe et al.

were secondarily used to determine glucose and fructose, re-

spectively.

Screening of adsorbents. Liquid column chromatography, also
known as a pulse test in the field of chemical engineering,s) was
cenyeniently used to screen various adsorbents. Adsorbent parti-
Cles were packed in a column (1.485 cmé X 35.0 cm) kept at 50°C

by circulating the thermostated water. A sample solution (1.0
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cm3) consisting of glucose and fructose (each component, 0.3 mol/
1) was carefully added to the top of the bed. The moment the sam-~
ple solution had been socaked into the bed, the eluent was started
to be fed with a constant-feeding pump (Tokyo Rikakikai, MP-101).
Distilled water or 0.02 mol/l Trsi-HCl buffer containing 0.0l mocl/
1 magnesium sulfate was used as the desorbent. The buffer will be
used for the glucose isomerase-catalyzed reaction in Chapter 12.
The flow rate of the eluent was 0.5 cm3/min. The eluate emerging
from the column was collected at a regular interval. The concen-
trations of glucose and fructose in the eluate were determined and
plotted against the elapsed time to yield the elution profiles.

On the assumption that the adsorption isotherm of a component k
is linear and independent of the adsorption isctherms of other
components, the mean residence time of the component k, t , is cal-

k

culated through the moment analysis of the elution curve, yielding

Eq.(10-2).6'7)
Ek = J t-Ckldt/J C, 4t (10-1)
0 0
= (L/v)[eb + (1 - sb)mk] (10-2)

where Ckl is the concentration of the component k in the eluate,
t the elapsed time, L the column length, v the linear superficial
velocity of liquid flow, €y the void fraction of the bed, and m,

the distribution coefficient. The high value of m indicates that
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the amount of the component k adscrbed is large.
The value of €, was determined by measuring E} of soluble

starch, because soluble starch connot penetrate into adsorbent,

i.e., m_ = 0, due to its high molecular weight. Soluble starch

k
in the eluate was completely hydrolyzed to glucose by addition of
glucoamylase and the resulting glucose was analyzed by the gluco-
stat method.

The apparent densities of adsorbents were pycnometrically meas-

ured.

Adsorption isotherms. The adsorption isotherms of glucose
and fructose onto Y ;eolite (Ca2+ form) and Ion-exchanger S-07
(Ca2+ form) were obtained by using a batch desorption method to-
gether with an analysis of breakthrough curve in a packed-bed col-
mn. As a solvent, distilled water was used for Ion-echanger S-07,
whereas 0.02 mol/l Tris-BECl buffer containing 0.01 mol/1 magnesium
sulfate was used for Y zeolite.
{a) A4 batch desorption method. About 0.5 g of an adsorbent
weighed accurately was put into an Erlenmyer flask. Each 20 cm3r
of glucose—, fructose-, or the mi#ture solution was added to the
flask. The flask with a silicane stopper to avoid evaporation of
liquid was kept at 50°C for 36 hr under stirring condition. The

Concentration of the adsorbate in the liquid phase was measured.

The adsorbent was removed from the solution, blotted with a piece
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of filter paper to eliminate excess liguid on the surface, and put
into 50 cm3 of the pure solvent. After 36 hr, the concentration
of the adsorbate in the liquid phase, de, was measured. The
amount adsorbed initially, q s was calculated by using Eq. (10-3)
under the approximation that the amount of adsorbate remaining in

the adsorbent was negligibly small.

q = VeC, ¥ (10-3)

where V and w are the volume of pure solvent and the weight of ad-
sorbent, respectively.

(b) A breakthrough method. Adsorbent particles were packed in
a column equipped with a water jacket. A solution of glucose,
fructose, or their mixture was continuously introduced to the top
of the bed. The solution was continued to be fed until the efflu-
ent concentration Ckl becomes almost equal to the influent concen-
trétion Cko' The solute emerging from the bed was fractionated

at a regular interval and was assayed to obtain the breakthrough

curve of the adsorbate. The amount adsorbed was calculated from

Eqg. (10-4).

t .
- E
wWe = . - - - . - - . -
q ckO Q tE CJO el v Q'I Clldt (10-4)

where Q is the volumetric flow rate, V the bed volume, and t_ the

elapsed time at which the concentration of adsorbate at the outlet

reaches almost that at the inlet.
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Estimation of overall velumetric mass transfer coefficient.

In this study, the approximation of a linear-driving-force was
adopted to express simly the adsorption rate process. The overall
volumetric mass transfer coefficient, K_a , was determined so that

fv

the calculated breakthrough curve may fit to the gxperimental one.

Chromatographic separation of glucose and fructose. - Ion—-ex—~
changer 5-07 (Ca2+ form) was packed intoc a column of 1.485 cm in
diameter and 36.8 ¢m in length. The bed was kept at 50°C. Dis-
tilled water was used as the eluent, and the flow rate was 1.19
cm3/min. The mixture of glucose and fructose (each component,

0:1 mol/l) was introduced to the top of the bed for 10 min and
the eluent was fed for 20 min. These operations were repeated
three times. The eluate was fractionated every 2 min. The concen-

traticons of glucose and fructose in the fractions were analyzed.

Modified procedure for chromatographic separation of glucose
and fructose. Twelve columns, in which the Ca2+ ion form of
Ion-exchanger S-07 was packed, were connected in circular series
as shown in Fig. 10-1. Though the modified chromatographic proce-
dure needs only three columns, twelve columns were used to obtain
the concentration profiles in the adsorber. The size of each col-
unn was 1.36 cmp X 10.2 cm. The columns were kept at 50°C by cir-
culating the thermostated water. The adsorber was divided into
three zones by the inlets of feed and desorbent solutions. Each
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@ 5856 566 B

Fig. 10-1. Experimental apparatus used in a modified
procedure for chromatographic separation of glucose and
fructose from their mixture. A, adsorption cclumn; DR,
desorbent reservoir; FR, feed reservoir; P, constant-
feeding pump; TC, three way stopcock; and WB, water
bath.

zone contained four columns,

The feed solution, which included 1.0 mol/l glucose and 1.0
mol/1l fructose, was continuously introduced to the inlet of zone
I at the flow rate of 1.80 cm3/min. The solution emerging from
zone I was fractionated every 2 min and the concentrations of glu-
cose and fructose in the fractions were analyzed. BAfter 23 min,
the flow was stopped. The solutions among the columns were sampled
and analyzed to obtain the concentration profiles in zone I.

Tpe solution in zone I, which included glucose and fructose,

222



was circulated at the flow rate of 1.41 cmB/min to separate glu-
cose and fructose for 142 min. By this operation, fructose and
glucose were localized in zones II and III, respectively. The
concentrations of glucose and fructose in the solutions among col-
umns were measured to yield the concentration profiles in the ad-
sorber.

Fructose and glucose located in zcones II and III were sSeparate-
ly eluted with water (desorbent)} for 40 min. The flow rates of
water in zones II and III were 1.45 and 1.43 cm3/min, respective~
ly. The elution profiles of glucose and fructose were obtained

by measuring the concentrations in the eluates fractionated every

2 min.
10. 3. Theoretical Considerations
Prediction of elution curve in chromatography. In a conven-

tional chromatographic separation, a solution of adsorbates to be
separated and a desorbent solution are mufually introduced to a

fixed-bed adsorber. Mass balance equations referring to the con-
centrations of the component kX at the mobile phase, C, and at the

k
stationary phase, C; are given by Egs.(10-5) and (10-6) under the
following assumptions: (i)} the adsorption isotherm is linear and
independent, (ii} the adsorptioﬁ rate process is represented by

a linear-driving-force approximation, and (iii) the axial disper-

8ion can be ignored:
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k k
g —m = —yp— - K _a (C_ - C¥) (10-5)
k
bat 3z fv k
ac;
- — - * —
(1 eb)mkat Kfav(ck Ck) (10-6)

vhere Kf is the overall mass transfer coefficient and av is the

specific surface area of adsorbent based on the bed volume. Ini-

tial and boundary conditions are given as follows:

.z > 0, t=0 ; Ck =0 (10-7a)
* = -
ck 0 (10-7b)
= <t< H =
Zz . 0=t=t0 ; Ck Ck0
< H =
t0<t t0+td ; Ck 4]

l....l...'.llll-.v'-l B a e P eN (10—7c)
(n-l)(t0+td)§t§-t0+(n-l)td; cC, =cC

Ce to+(n=1)ta<t<n(t0+td) ; c, =0

where to and td represent the sample and desorbent injection times,

respectlvely. n refers to the number of sample 1nject10n times.

The variables are transformed lnto the dimensionless forms defined

by Eqs (10-8)

Y =8/ - . : _ (10-8a)
gk =

b 4 Ci/Cko S S . ’ ... . . {10-8b)
X = z/L L (10-8¢)
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8 = t/1 (10-8d)

where 7 is the residence time based on the void volume of the bed

and is defined by
T = L/(v/eb) (10-9)

By apprlying the Laplace transform to these differential_equations,

the solution of yk in the Laplace domain, §% was obtained.

~-s6
_ 1-e 0 n
y =——1{] exP[“(j-l)(60+9d)s]}
s j=1
[s+a (148 .)]s .
cexp{- —S—CK 4} (10-10)
s+uchk

where s is the Laplace variable and the dimensionless parameters
are defined by Eq. (10-11). The overall mass transfer coefficient,
Kf, was assumed to be the same for glucose and fructose, because

their molecular weights are identical and both are electrically

neutral.
%, = Kea ‘L/v _ 7 . (10-11a?
By = eb/[(l - g im ] - (10-11b)
8, = t,/T (10-11c)
0 = to/T . : (10-114)

The solution in the time domain was obtained by the numerical in-
version of ;k by the Fourier series approximation of the following
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8
equation. )

y = (eae/T*){§%(a)/2 + Z {Re[;g(a+jni/T*)]'COS(jﬂi/T*)
Jj=1

- Im [?k (a+77i/T*) 1+sin (Gmi/T*)}] (10-12)

where Re and Im indicate the real and imaginary parts of ;%, re-

spectively. T* and a are the arbitrary constants.

Calculation of breakthrough curve in a fixed-bed adsorber.
In a fixed-bed adscrber, the mass balnce equations for the con-
centrations of component k at the mobile and stationary phases are
equal to Egs. (10-5) and (10-6), respectively. Initial and bound-

ary conditions are written as follows:

z > 0, t =0, c =0 (10-13a)
* = —

Ck 0 (10-13b)

z =0, t >0, Ck = CkO (10-13¢c)

An analytical solution for Ck has been presented by Rosen.g) The-
solution, however, is relatively complicated. Therefore, the nu-
merical method was applied. Egs.(10-5) and (10-6) are discretized

forward for time and backward for distance to give the following

equations.

C (x,,0, = (1-AB/Ax—q - . “AB .
x X5 3+1) ( /Ax ac AB) Ci(xifej) + o, A8 Cr(xi,ﬁj)
+ .
(A8/Ax) Ck(xi_l,ej) {10-14)
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= -— . - Yaki
C;(xi,9j+l) (1 @, Bck AB) Ck(xi:ej)

. eAB e 0-15
+ @, Bck LY Ck(xi,ej) (1 )

Initial and boundary conditions are as follows:

Ck(xileo) =0 ' (10-16a)
* = 10-16b
Ck(xi,eo) 0 | ( )
* = - . - —16
Ck(xo,ej) CkO[l exp(ac Bck Gj)] {10-16c)

where Ax and A® are the increments for x- and 8-directions. The

subscripts i and j represent i-th and j-th grid points for x- and
-~d3 3 3 * _
f-directions, respectively. Ck(xi'ej+l) and Ck(xir9j+1) are cal

culated explicitly, and hence the calculation method described

here may be simple.

10. 4. Results and Discussion

Screening of adsorbents. The adsorbent which has a high se=
lectivity for fructose was locked for by ﬁsing the pulse test.
As an example, Fig. 10-2 shows the elution profiles of fructose,
glucose, and soluble starch at the outlet of the bed of Ion-ex-
changer $-07 (Ca2+ form). In the figure, the abscissa represents
the elapsed time normalized by the residence time based on the

total bed volume, T, (= L/v) . The distribution coefficients of

o
fructose and glucose for the adsorbent were calculated from Egs.

(10~1) and (10-2)}. 1In Table 10-1, the values of m and m, for
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Fig. 10-2. Elution profiles of fructose, glucose, and sol-
uble starch obtained by using Ion-exchanger 5-07 {Ca” form)-
packed column. Distilled water was used as eluent. The elu-
tion profiles of soluble starch was measured to estimate the
void fraction of the bed. The concentration of component Xk
in the eluate is normalized by that in the sample solution,
whereas the elapsed time is normalyzed by the residence time

with respect to the bed volume.

various adsorbents are listed together with the apparent densities
of adsorbents. The larger the difference between mG and mF , the
better the efficiency of the separation. From these observations,
2+

we picked up Ion-exchanger 5-07 (Ca2+ form) and Y zeolite (Ca

form) as adsorbents with high separability.
Adsorption isotherms of glucose and fructose. The adsorption
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Table 10-1.

Apparent Density, pp, Void Fraction of Bed, ¢

b’

Distibution Coefficients of Glucose armd Fructose, mG and M,
Adsorbents.
0.02mo1/1 Tris-HC1 buffer,pK 8.0
Elvent Water
{including 0,01 mol/] MgSO4)
Adsorbent °p 3 b " %p 3 b | " i
{g/em”)  [-] (-] (-1 }lg/cm”] (-] (-] (-]
Anberlite IR-1208(Ca) 1.274 0.364 0.099 0.164 - 0.362 0.058 0.157
Amberlite IR-1208(Mg) - 0.339 0.047 0.095 - - - -
Dowex 50W{Ca) 1.323  0.313 0.017 0.080 - - - -
Y-Zeolite(Ca) - - - 0.855* 0.388 0.586 0.686
Y-Zeolite(Mg} - - - 1.096 0.379 0.423 0.488
5-07(Ca) 1.252 0.381. 0.231 0.464 - 0.360 G.253 0.423
5-22(Ca) 1,254 0.352 0.326 0..518 - 0.366 0.335 0,506

* This value was obtained by using 2 mercury porosimeter. Another yalues were
pycnometrically determined.
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Fig. 10-3, Adsorption isotherms of glucose and fructose

on Ton-exchanger S

water was used as

2+
-07 (Ca" from) at 50°C, Distilled

a solvent. The amounts of glucose and

fructose adsorbed were obtained by analyzing the break-

through curves.
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Fig. 10-4. Adsorption isotherms of glucose and fructose
on Y zeolite (Ca2+ form) at 50°C. The amounts of glucose
and fructose adsorbed were estimated by using both the
batch desorption method and the analysis of breakthrough
curves in fixed-bed adsorber. As a solvent, 0.02 mol/l
Tris-HC1l buffer containing 0.01 mol/]l magnesium sulfate

was used.

isotherms of glucose and fructose for Ion-exchanger S-07 (Ca2+
form) and Y zeolite (Ca2+ form) were obtained at 50°C. They are
shown in Figs. 10-3 and 10-4. For Ion-exchanger S-07 and Y zeo-
lite, distilled water and 0.02mol/1 Tris-HCl buffer containing
0.01 mol/1 Mgso4 were used as solvents, respectively. The reason
to use the buffer solution was previously mentioned. 1In the ex-
periments using the mixture of glucose and fructose, the concen-
trations of both glucose and fructose are initially taken to be
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Fig. 10-5. Breakthrough curves of glucose and fructose
. 2+

in the Ion-exchanger S-07 {(Ca form) ~packed cclumn at
50°C. The solid and broken curves were calculated ones

for glucose and fructose, respectively. The Kfav value
3 -1

was set to be 6.18 X 10 " s for both curves.

equal. Linear isotherms were obtained for both glucose and fruc-
tose over a wide concentration range. The amcunt of fructose ad-

scrbed was independent of that of glucose adsorbed.

Determination of overall volumetric mass transfer coefficient.

The overall volumetric mass transfer coefficient, X a,r was de-

f
termined so that the calculated breakthrough curve may fit to the
experimental one. In the case of Ion-exchanger S$-07, the Kfav

Values for both glucose and fructose were 6.18 X 10_3 shl. Figure

3~5 shows the breakthrough curves of glucose and fructose obtained

; 2+
in the Ion-exchanger 5$-~07 (Ca form) -packed column. The solid
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Fig. 10-6. Elution profiles of glucose and fructose in
chromatography. The mixture of the components and dis-
tilled water were alternately introduced three times to
the bed of Ca2+ ion form of Ion-exchanger S-07. The

solid and broken curves are calculated ones for glucose

and fructose, respectively.

and broken curves in the figure are the calculated ones for glu-

cose and fructose, respectively. When Y zeolite was used as the

adsorbent, the K 3

-1
s ~. The Kfav values scarecely depended on the flow rate of the

fav values for both components were 6.84 X 10

eluent. This suggests that the resistance of interphase mass

transfer is negligibly small.

Elution profiles of glucose and fructose in a conventional chro-
matography. The mixture of glucose and fructose was introduced
to the bed of Ion-exchanger S-07 (Ca2+ form, 1.485 cm¢ X 36.8 cm)
for 10 min and then distilled water was supplied to the bed for 20
min at the flow rate of 1.19 cm3/min. This alternate feeding was
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repeated three times, After the third supply of the mixture, dis-
tilled water was successively fed.

Figure 10-6 shows the elution profiles of glucose and fructose.
The solid and broken curves represent the calculated ones for glu-
cose and fructose, respectively. The theoretical elution profiles
coincide well with the experimental ones, indicatihg that both the
method for predicting the elution curves and the parameters deter-

mined are valid.

Separation of glucose and fructose by modified chromatography.

Figure 10-7(a) shows the time dependencies of glgcose and fruc-
tose concentrations at the outlet of zone I. The solid and broken
curves in the figure were calculated from Egs. (10-14) and (10-15).
Glucose with/gmall distribution coefficient was eluted eariler
than fructose as predicted from the theoretical calculation. Fig-
ure 10-7(b) illustrates the concentration profiles of glucose and
fructose in zone I.

Figure 10-7(c) shows the concentration profiles in the adsorber
at the time when the circulation of the liquid in the adsorber was
stopped. Fructose and glucose were successfully localized in
Zones II and III, respectively. The two components in zones II
and III were separately eluted by distilled water.

Figure 10-7(d) shows the eittion profiles obtained at the out-
let of zone II, Figure 10-7(e) illustrates the profiles of glu-
tose and fructose concentrations in the solutibn émgrging fren
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Fig. 10-7. Separation of glucose and fructose by a modified
chromatographic process. The keys {(Q)) and (A) represent
glucose and fructose, respectively. The solid and broken
curves are calculated ones for glucose and fructose. (a)
Breakthrough curves of glucose and fructose observed at
the outlet of zone I. (b) Concentration profiles in zone I
at the end of the first operation. (c¢) Concentration pro-
files of glucose and fructose in the adsorber after circula-
tion of the two components remained in zone I. (d4) Elution
profiles of glucose and fructose obtained at the outlet of
zone II. (e) Elution profiles at the outlet of zone III.
234



sone ITI. Fructose and glucose were eluted mainly from zones II
and III, and hence the separation of the two compcnents was
achieved.

Though the modified procedure for chromatographic separation
is a little complicated, the procedure has some merits. Since
the separation of two components was achieved in tﬂe procedure by
circulating the ligquid in the adsorber, both the size of the bed
and the amount of desorbent introduced can be reduced compared
with the conventional chromatographic procedure. When the mechan-
ical intensity of the adsorbent is weak, or when the adsorbent is
expensive, the modified procedure would be effective. Though the
ad;orbates in zone II were eluted with water introduced at the in-
let of zone II in this study, the amount of water consumed in the
procedure would be reducible if the operations mentioned above
are regularly repeated and the water emerging from zone I at the

first operation is utilized for desorption of fructose in zone II.

1o, 5, Summary

The capabilities of some adsorbents for separating glucose and
fructose were examined. Two adsorbents, Ion-exchanger S-07 (Ca2+
form) and Y zeolite (Ca2+ form), were found to adsorb more favora-
bly fructose than glucose. The. adsorption isotherms of glucose

ind fructose were obtained at 50°C. The isotherms of the two com-

Ponents were linear over a wide range of each concentration and
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were independent each other. The validities of methods for pre-
dicting the elution profiles in chromatography and the break-
through curves in a fixed-bed adsorber were experimentally verifi-
ed. A modified procedure for chromatographic separation of the

two components was successfully developed.

Nomenclature
a . arbitrary constant (-]
a, specific surface area [cmz/cm3—bed]
c concentration in the liquid phase [mol/1}
c* concentration within the particle [mol/1]
_K.f overall mass transfer coefficient [em/s]
L column length fem]
m .'distribution coefficient (-]
n number of sample injection times -]
Q  volumetric flow rate [cm3/S]
q amount adsorbed [mol/g)-
s Laplace variable (-]
T* arbitrary constant - (-1
t time i {s]
E_ .. mean residence time of adsorbate in the fixed-bed _
adsorber ) | _ [s}
ty desorbent injection time ' : [s]
t sample injection time _ | (s]
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v volume of solvent [em™]
v bed volume [cm3]
v linear superficial velocity of liquid flow

in the fixed-bed adsorber [em/s]
w weight ) [g]
X = z/L | (-1
Ve = %%k | (=)
Y = %o (-]
;; solution of'yk in Laplace domain -1
z axial distance [cm]
a, = Kfav-L/v [-1
Box = &/l =g m] | -]
€ void fraction of the bed ' ’ (-1
;] = t/T : ‘ ‘ =)
ed = td/r : " ' | (-1
8 = /T | S -]
pp - apparent density o o ICmB/gI
T residence timé of eluent based on the void

volume of the bed a : o [s1
Ty residence time of eluenF based on the total

bed volume " [s]

Subscripts

E end point
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F fructose

G glucose

k component
1 effluent
0 influent
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Chapter 11
Separation of Glucose and Fructose by

Using a Simulated Moving-Bed Adsorber

11. 1. Introduction

The common type of high fructose syrup is produced by an en-—
gymatic isomerization of glucose to fructose. The isomerization
is a reversible reaction and its equilibrium constant is 1.0 at
50°C. Therefore, to produce the higher fructose syrup, the sepa-
ration step is indispensable. The conventional chromatographic
separation is a simple process. This process, however, has the
fellowing demerits;l) (i) an adsorbent is not always utilized ef-
fectively, (ii) a large amount of desorbent is consumed, (iii) a
large difference in the distribution coefficient between glucose
and fructose is necessary, and (iv) the operation is discontiuous.

Another type of separation process, which can improve some of
the demerits in the chromatographic process, is a process utiliz-
ing a simulated moving-bed adsorber. This was originally develop-

ed by vop.?)

This chapter deals with a glucose/fructose separa-
tion process utilizing the simulated moving-bed adsorber. The de-
sign problems of the process will be discussed. Two methods for

Calculating the concentration profiles in the adsorber are pre-

Sented and their validities are experimentally examined.
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11. 2. Theoretical Considerations

Basic idea behind the process utilizing a simulated moving-bed
adsorber. Although the adsorbent particles do not move actual-
ly in the simulated moving-bed operation, the operation is more
clearly understood by describing a hypothetical moving-bed opera-
tion and describing how similar results are obtained without ac-
tual bed movement. In the conventional chromatographic separa-
tion, .two components are separated by the difference between their
migration rates in the fixed-bed adsorber. Therefore, when a sam-
ple solution is fed to the middle point of the adsorption column
and adsorbent particles are traveled counter to liguid flow at the
rate between the migration rates of two components in chromato-
graphy, a component adsorbed weakly moves in the direction of lig-
uid flow and another comporent adsorbed strongly travels in the
direction of adsorbent flow. Thus, in the moving-bed adsorber
where adsorbent particles and liquid are comveyed continuously
and countercurrently to each other, the two components migrate in
different directions and are separated.

Figure 11-1 illustrates schematically the process utilizing the
simulated moving-bed adsorber. Adsorbent particles move continu-
ously toward the right-hand side through the bed and returned to
the left-hand side of the apparatus. Feed and desorbent solutions
enter continucusly, and flow toward the left-hamd side and count-

ercurrently to the adsorbent particles. Raffinate and extract
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Fig. 11-1. Schematic representation of a hypothetical
moving-bed adsorber. Adsorbent particles move continu-
ously toward the right-hand side, while liguid flows
toward the left-hand side. The adsorber is divided
into four zones by the introduction and withdrawal
points of ligquid. A portion between two broken lines
in the adsorber corresponds to a column in a simulated

moving~bed adsorber.

solutions are withdrawn continuously. At both withdxawal points,
a portion of the liguid flowing in the bed is withdrawn and the
remainder continues to flow into the next zone. As shown in Fig.
11-1, the positions of introduction and withdrawal of liquid di-
vide the bed into four zones, I to IV, each of which performs dif-
ferent function as described below.

We suppose here that fructose is adsorbed selectively in com-
Parison with glucose. Fructose introduced by a feed stream is ad-
Sorbed mostly in zone II and carried to zones III and IV by the
movement of adsorbent particléé. Although glucose fed by the feed
Stream is weakly adsorbed, most of the glucose is passed through
Zone II and withdrawn by a raffinate stream. Glucose adsorbed
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partially in zone II is desorbed in zone III to reduce the amount
of glucose in an extract stream. Fructose adsorbed in zone II is
desorbed in zone IV and recovered by the extract stream. The ad-
sorbent particles are regenerated by the desorption of fructose
in zone IV and flow to zcne I. Zone T acts to adsorb glucose re-
maining in liquid, and hence the liquid emerging from zone I
scarcely contains both the pomponents and can be utilized as a de-
sorbent.

Compared with the conventional chromatographic separation pro-
cess, the process using the moving-bed adsorber has some merits;
(i) the quantity of desorbent used can be saved because the solu-
tion emerging from zone I is usable as a desorbent, {(ii) the se-
paration is effectively accomplished even if the difference in the
distribution coefficient between glucose and fructose is small,
and (iii) the operaticn is continuous.

The basic idea behind the process is explained by using a hypo-
thetical moving-bed adsorber. However, the actual movement of ad-
sorbent particles may cause the abrasion of adsorbent and the
channelling of liquid flow. The smart process without the actual
movement of adsorbent particles, which exhibits an function almost
equal to that of the process mentioned above, has been developed.
2-4) By shifting the introduction and withdrawal points of liguid

streams to the same direction as the liquid flow at regular inter-

vals, the flow of adsorbent particles counter to liquid is achiev-
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ed relatively.

Calculation of concentration profiles in simulated moving-bed
adsorber. In order to calculate the concentration profiles in
the simulated moving-bed adsorber, two models, namely, an inter-
mitted moving-bed model and a continuous moving-bed model, are
presented. An intermitted moving-bed model cosiders the real
movement of adsorbent particles. The concentration profiles at
the unsteady state can be calculated by using this model. In a
continuous moving-bed model, it is assumed that the adsorbent par-
ticles hypothetically moves counter to the liquid flow. This mod-
el has a merit that the concentration profiles at the steady state
can be calculated easily.

The followings are assumed in both models; (i) an approximation
of linear-driving-force is satisfied in the adsorptive rate pro-
cess, (ii) the liquid flow is a plug flow, and (iii) the overall
mass transfer coefficients of glucose and fructose are the same
and does not depend on the rate of ligquid flow.

(a) An intermitted moving-bed model. The original process
has accomplished the simulated movement of adsorbent particles by
transferring the introduction and withdrawal points of liquid
streams to the same direction as ligquid flow. In this study, how~
ever, the counter-flow of adsérhent particles to liquid is achiev-

ed by conveying adsorption columns in the direction counter to the
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liquid flow. 1In such a mode, adsorption columns are considered

to be fixed-bed except for the moment of conveying the columns.
Mass balance equations referring to concentrations of component

k at the moblle phase Ck and at the stationary phase C; are given

by Egs. (11-1) and (11-2), setting to be positive for the direction

of liquid flow.

k k
g — = -y —— - K a (C, ~ C¥%) (11-1)
hat naz f v k k
ac*
- = - O* -
(1 Eb)mkat Kfav(ck Ck) {(11-2)

‘where v, is the linear superficial velocity of liquid flow in zone
n, Kfav the overall volumetric mass transfer coefficient, mk the

distribution cocefficient of component k, and £ the void fraction
oflfhé bed. .The process time t and axial distance z are normaliz-

ed by the interval of transportation of adsorption columns T and

the length of each column LA, respectively.

@
0

t/T _ (11-3a)

“
]

- z/L, , | (11-3b)

Egs.(11-1) and (11-2) are written as follows;

k — "k = , L
= ~a —= - B(C, - C}) (11-4)
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= (C, - C¥*) (11-5)
26 k 'k k
where
an = vnT/(ebLA) ) (11-6a)
B = KfavT/sb . {11-6b)
Y = KfavT/[(l - eb)mk] {11-6c)

By discretizing Egs. (11-4) and {11-5) forward for time and back-

ward for distance, Egs.(11-7) and (11-8) are obtained.

= -g - —B . ReAQC*
Ck(xi,ej+1) (1 un AB/Ax—R-AB) Ck(xi'ej) + B-AS8 Ck(xi,ej)

+ (@ +80/8x) -C, (x; 1,0 (11-7)

ll

Yy

Il

C;(x.,e

i j+1)

“AD e -5 . Ok -
AB Ck(xifej) + (1 Yy 48) Ck(xi,ej) (11-8)
There are the following boundary conditions between zones.

at the outlet of raffinate stream (between zones I and II)

Crrzz = Ck10 (11-9a)

at the inlet of feed stream (between zones II and III)

v_+C

£ %% * Virr Ckrrrz T Virttko (11-9b)

at the outlet of extract stream (between zones III and IV)

c (11-9¢)

kv - CkrrTo

at the inlet of desorbent stream (between zones IV and I)

ViChr T Vv Ckrvo (11-94)
245



t=27 6=1.0

R NS
g 1eT st
=08=0 1125 Adsorption column
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Pig. 11-2. Schematic explanation of the calculation method

in an intermitted moving-bed model.

where the subscripts 0 and 1 denote the inlet and outlet of each
zone, respectively. As shown in Fig. 11-2, Ck(xi’ej+l) and Ci(xi,
Bj+1) are calculated explicitly from Egs.{(11-7), (11-8), and (11~
9). The calculations are repeated until 8 = 1.0, When 6 = 1.0,
Ck and CE are rearrenged in the direction of the arrows illustrat-
ed in the figure. The rearrangement corresponds to conveyance of
adsorption columns.
(b) A continuous moving-bed model. It is assumed in this

model that the adsorbent particles continuously at the rate of u_-
The u value is calculated to be LA/T' Setting to be positive for

the direction of the adsorbent movement, the mass balance equa-

tions at the steady state in terms of Ck and C; are given by Egs.
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(11-10) and (11-11).

de
—_— = - % 11-~10
un Kfav(Ck Ck) ( )
dz
dcz
- — - * . -
(1 eb)mkusdz Kfav(ck Ck) {11-11)

where u_ represents the linear superficial velocity of ligquid flow
in zone n in the hypothetical moving-bed adsorber and is related

to v, by the following equation.

w o =v, - EbLA/T {(11-12)

Assuming that Ck and C; at the inlet of each column are known, that

is,

at z = 0, Cp = Cpq (11-13a)
x — Ok -
ct = ko (11 ;3b)

Egs. (11-10) and (11-11) can be analytically solved to give

expla_ (1-8 )x] - 8 _ 1 - expla_(1-8 . )x]

C. = n nk nk c 4+ n__ nk c* .
k 1 - g X0 -8 X0
. nk nk

(11-14)
Bnk[exp{an(leﬁnk)x}.f 1] 1- Bnkexp[un(l~8nk)xl

* =
Ck - - Cko +

1- Bnk , 1- Bnk

Ko
(11-15)
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Fig. 11-3. Definition of variable vector Xi'

where
X = z/LA ' {11-3a)
= -16
an KfavLA/un (11-16a)
Bk = un/[us(l - Eb)mk] (11-16b)

By substituting Nn' which is the number of columns in zone n, for

X, Egs.(11-14) and (11-15) represent the relationships between Ck

C; at the inlet of zone and those at the outlet.
To make computational calculation suitable, we define a new

variable Ei as follows:
X = - * -
ck ck ck {(11-17)
The variable vector xi at any point in Pig. 11-3 is defined by
X, = [c,, ox T (11-18)
i ki ki

The variable vectors xi and xi+l are related by the following egq-

uvations.
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X, = Dvx6 (11-19a)
= e X -
X, Al 1 {11-19b)
Xy = A2-x2 (11-19¢c)
x, = Fexy - f (11-194)
x5 = A3-X4 (11-19e)
x6 = A4-x5 (11-19f)
where the constant matrices are given as follows:
) 1—exp[an(l—8nk1Nn]
1 -8
A = nk ) (11-20a)
-O exp[un(l-ﬁnk)Nn] :
-
uIV/uI 0
L/ L .
1 e/t 0 |
F = . (11-20c)
T =
[ ¢, _-u_/u '
k ITT|
f= £ _ 7 .- (11-204) -
| ~Cxe /U111

By summarizing Eqgs. (11-19), Eq. (11-21) is obtained. Eq. (11=21) is

shown in the next page. E and 0 in Eq;(11—21) are défined bf‘.‘m

. 1. 0] L ool
Ex= (11-22a) 0= {11-22b)

249



[F D] ixl- 0]
A -E X, 0
A —E -E . z3 - g (11-21)
4
A3 -E Xe 0
] A, =Bl X 0]

The concentration profiles in the adsorber can be calculated by
solving Eq. {(11-21). This method is suitable for a computational

calculation and for examing the operating conditions.

i1. 3. Materials and Methods

Adsorbent and Chemicals. The Ca2+ ion form of Y zeolite kind-
ly supplied by Toyo Soda Mfg. Co., Ltd. was used as an adsorbent.
As shown in Chapter 10, the adsorption isotherms of glucose and
fructose were linear over a wide concentration range and independ-
ent. The distribution coefficients of glucose and fructose were
0.586 and 0.686, respectively.

Glucose and fructose were purchased from Nakarai Chemicals.

The other chemicals were of analytical grade.

Experimental apparatus. Figure 11-4 illustrates a schematic
diagram of experimental apparatus. Sixteen columns, in which Y
. 2+
zeolite (Ca form) was packed, were connected to a rotary valve.
Four adsorption columns were assigned to each zone. The size of

each column was 1.38 cm in diameter and 10.2 cm in length. The
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Fig. 11-4. Schematic diagram of experimental apparatus
used in the glucose/fructose separation by utilizing a
simulated moving-bed adsorber. The rotary valve consists
of two discs. The lower disc is fixed, while the upper
disc is rotatable. The simulated moving-bed operation was
accomplished by rotating the upper disc at reqular inter-
vals. The adsorption columns were kept at 50°C by circu-
lating the thermostated water, although the flow of the
water is not painted in this figure. A, adsorption column;
DR, desorbent reservoir; FR, feed reservoir; M, flow meter;

P, constant-feeding pump; RV, rotary valve; WR, water bath.

columns with jackets were kept at 50°C by circulating the thermo-
stated water. The valve consisted of two stainless steel discs.
Some ingenuities were taxed to prevent escape of liguid from the
boundary between the discs. vThe lower disc was fixed. The feed

and desorbent reservoirs and the constant-feeding pumps to con-
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trol the rate of liguid flow were arranged under the valve. The
upper disc was mobile. In this study, the simulated movement of
the adsorbent particles was accomplished by conveying periodical-~

ly the adsorption columns in the direction counter to liquid flow.

Continuous separation of glucose and fructose. The feed solu-
tion contained glucose and fructose in the same concentration.
They were dissolved in 0.02 mol/1l Tris-HCl buffer containing 0.01
mol/1 ﬁagnesium sulfate. The buffer solution was used as the de-
sorbent. Prior to the experiment, the liguid in the adsorber was
displayed by the solution containing glucose and fructose in the
concentration egual to Ckf-Qf/(Qf + Qd). Ckf represents the con-
centration of component k in the feed solutiocn. Qf and Qd are the
volumetric flow rates of feed and descrbent streams, respectively.
The interval for conveying adsorption columns was set to be 2 to
5 min. The raffinate and extract streams were fractionated every
30 min and the concentrations of glucose and fructose in the frac-
tions were measured. After establishment of the steady state was
confirmed, the operation was stopped. The concentrations of glu-
cose and fructose in each of tubes connecting the columns were
measured. These data points give the concentration profiles of

both the components in the adsorber.

Assay of glucose and fructose. The concentrations of glucose

and fructose were analyzed by using a high-performance liquid
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Table 11-1. Experimental Conditions for Separating Glucose

and Fructose by Using the Simulated Moving-Bed Adsorber.

Run No. S-1 5-2 5-3 S-4 §-5 5-6 S-7

CGf [mo1/1] 0.1 0.1 0.1 0.1 0.5 0.5 1.0

Cee [mO1) | 00 01 01 01 05 05 1.0
G [en¥/min] | 04 025 06 04 1.0 0.4 0.4
Qg [em’/min] | 1.6 075 1.8 1.2 3.0 1.6 2.0
[em’/min] | 1.0 05 1.2 08 20 1.0 1.2
[em®/min] | 1.0 0.5 1.2 0.8 20 1.0 1.0
T [min] 3 5 2 3 2 2 2

vy Cemin) | 2227 1.401 3.380 2,227 3.078 3.035 2.851
v [om/min] | 2.893 1.735 4.140 2.760 4.732 3.701 3.651

VI [em/min] 2.627 1.568 3.740 2.493 3.704 3.436 3.385

iy [cm/min] 3,293 1.901 4,540 3.027 5,038 4.102 4,185

chromatography (Shimadzu, LC-3A) equipped with a separation column
(Shimadzu, SCR-101N} and a differential refractometer (Showa Den-

ko, Shodex RI SE-11).

11. 4. Results and Discussion

Continuous separation of glucose and fructose. Seven runs
of experiments were carried out under various éperating condi-
tions, which are listed in Table 11-1l. Figure 11-5 shows the time
courses of glucose and fructose concentrations in the extraét and
raffinate streams in run 5—5; The curves in the figure were cal-

culated by using the intermitted moving-bed model. Figure 11-6
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Fig. 11-5. Time courses of glucose and fructose concen-
trations in the extract and raffinate streams in run S-5.

The theoretical curves in the figure were calculated by

using the intermitted moving-bed model.

illustrates the concentration profiles at the steady state in run

S-6. The theoretical profiles in Figs.ll-6(a) and (b) were cal- ’

culated by using the intermitted and continuous moving-bed models.

respectively. The theoretical profiles by the continuous moving-

bed model coincide with the experimental ones in the same degree

as the theoretical ones by the intermitted moving-bed model. The

concentration profiles at the steady state are simply calculated

by the continuous moving-bed model and coincide fairly well with

the experimental ones. Thus, the continuous moving-bed model is
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Fig. 11-6. Concentration profiles of glucose and fructose in
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the adsorber at the steady state.

curves for glucose and fructose were calculated from the inter-
mitted moving-bed model.

tained by using the continuous moving-bed model.

Desorbent

(a) The solid and broken

‘{b) The theoretical curves were ob-

The same ex-

perimental results are plotted in both (a) and (b).
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Table 11-2. Set up of Bnk Values
to Obtain High Separability.

Zone I I1 111 IV

Bg
BF < <] <1 > 1

useful to determine the operating conditions and to examine the

characteristics of the separation by using the adsorber.

Inportance of Bnk for determination of operating conditions.

The nondimensional parameter Bnk defined in the continuous mov-
ing-bed model denotes the ratio of the amcunt of adsorbate carri-
ed by the liguid flow against that carried by the flow of adsorb-
ent particles. When Bnk is less than 1.0, the amount of adsorbate
carried by the adsorbent flow is more than that carried by the

liguid flow. 1In order to exhibit correctly the function cof each

zone, the values of Bnk must be set in the mode shown in Table 11-

2.

The Bnk values were set up reasonably in run S-3. The concen-
tration profiles obtained experimentally in run S-3 are illustrat-
ed in Fig.11-7(a) along with the theoretical ones calculated by
using the continuous moving-bed model. Figure 11-7(b) shows the
concentration profiles obtained in run S-7, where Bnk values do

not satisfy the inequalities listed in Table 11-2. The separation

of glucose and fructose could not be accomplished in run $-7.
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Fig. 11-7. Importance of Bnk values to obtain high separab-
ility. The curves in the figure were calculated from the con-

tinuous moving-bed model. The Bnk values are listed in the

figure. (a) The concentration profiles at the steady state

were obtained in run S5-3, where the B = values were set up

reasonably. (b} The profiles were measured in run S-7, where

the set up of Bnk was not correct.
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These experiments suggest that the Bnk is an important parameter

for determing the operating conditions.

The importance of Bnk values is deduced from the intermitted

moving-bed model. The migration rate of component X in zone n,

= - . 5,6

vox! is approximately given by the following equation. 6)
v = - (11-23
Vo vn/[eb + (1 Eb)mk] )

Now we consider the conditions that zone II plays the correct

function. When zone II consists of N__ columns, the length of

II

IIT'

zone II is NIILA and the interval rencvating the zone is N

The migrating distances of glucose and fructose through zone II in
the renovation interval are represented by the right-hand sides of
Egs. (11-24) and (11-25). In order that zone II may act correctly,

the following inegualities must be satisfied.

NIILA < NIIT-VII/[eb + (l—eb)mGl (11-24)
NIILA >_NIITiVII/[€b + (l—eb)mF] {11-25)

By using the relations of Eq.(11-12) and u, = L, /T, Egs.(11-24)

and (11-25) are rearranged to give
L<u /o (1-g m ) (11-26)

1> u /M (1-g Im ) ' | (11-27)

The right-hand sides of Egs. (11-26) and (11-27) are equal to Bnk'
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similar considerations are taken for another zones and deduce the
relationships in Table 11-2.
From the viewpoint of the rate of liguid flow, we can rearrange

the relationships in Table 11-2 to yield the following inequality.

vy ¢ L/ ley + -epdmed < vy < vpg

< ALy/T ey + (Amepimy] < vy © (11-28)

+

The rate of liquid flow in zone II, Vog! is different from that in

due to the supply of feed stream. Both v and

zone III
r Vv II

III’

- however, must be between (LA/T)[Eb + (l—eb)mgl and (LA/T)-

{Eb + (l-sb)mF], and hence the rate of feed stream, vf, must be

in a range of Eq. (11-29).

0 < Ve < (LA/T)(l - Eb)(rnF - mG) . (11-29)

Similarly, the rate of desorbent stream, vd, must satisfy the re-~

lation of Eq. (11-30).

Y3 b (LA/T)(l - Eb)(mF ~- mG) (11-30)

The inequalities (11-28) and (11-29) indicate that a large differ-
ence between m. and m. permits to treat a large amount of feed
solution per unit operation time and gives a wide range of condi-

tions where the adsorber can be operated reasonably.
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11. 5. Sunmary

The continuous separation of glucose and fructose was experi-
mentally performed by using the simulated moving-bed adsorber
packed with Ca2+ ion form of Y zeolite. Two models, namely, an
intermitted moving-bed model and a continuous moving-bed model,
were presented for calculating the concentration profiles in the
adsorber. The intermitted moving-bed model was useful te calcu-
late the concentration profiles at the unsteady state, while the
continuous moving-bed model was conveniently used to estimate the
profiles at the steady state and to examine the operating condi-
tions. It was also shown that the Bnk values defined in the con-
tinuous moving-bed model played a significant role in the deter-

mination of the operating conditions.

Nomenclature
a specific surface area [cmz/cm3—bed]
c concentration at the mobile phase [mol/1]
c* concentration within the particle [mol/1]
o = C - C* [mol/1]
Kf overall mass transfer coefficient [em/s]
LA length of each column [cm]
m distribution coefficient {-1
N number of adsorption columns [-3
o} volumetric flow rate Icm3/SJ
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T interval of transportation of adsorption
columng

t time

u linear superficial velocity of liquid flow
in the hypothetical moving-bed adsorber

us linear velocity of adsorbent flow

v linear superficial wvelocity of liquid flow
in the fixed-bed adsorber

v approximate migration rate of adsorbate in
the fixed-bed adsorber

x = z/LA

z axial distance

@ = KfavLA/un

@  =vT/(eL)

Bnk = un/[us(l - eb)mk]

E- = KfavT/Eb

Ye =KaT/0L - e m]

ey void fraction of the bed

8 = t/T

Subscripts

4d desorbent

£ feed

k component
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zone number (= I to IV)

inlet

Literature Cited

1)

2)
3)

4)

5)

€)

D. B.

Broughton, H. J. Bieser, M. C. Anderson, and R. A. Per-

sak, the February number of Kagakukeizai, 1976, p.54.

U. Ss.

D. B.

D. B.

Chem.

Biol.

patent, 2985589.
Broughton, Chem. Eng. Progr., 64, 60 (1968).
Broughton, R. W. Neuzil, J. M. Pharis, and C. S. Brearly,

Eng. Progr., 66, 70 (1970).

K. Nakanishi, S. Yamamoto, R. Matsuno, and T. Kamikubo, Agric.

Chem., 17, 1515 (1975).

M. suzuki, J. Chem. Eng. Jpn, 7, 262 (1974).

- 262



Chapter 12
Production of Higher Fructose Syrup by
Using a System Including Adsorption Process

and Immobilized-enzyme Reaction

12. 1. Introduction

A common type of high fructose syrup contains usually 42% fruc-
tose on the basis of dry materials. In terms of sweetness and
solubility into water, the production of the syrup containing
fructose more than 42% is desirable. Although several methodsl—B)
have been presented to raise the fructose content in the syrup,
at the present time the adsorption prdcess is widely employed.

The adsorption process, however, consumes a large amount of de-
sorbent (water), which must be evaporated in a succegding process.
With an increase of energy cost, it is desired that a more effi-~
cient process is developed.

In this chapter, we develop a new process to produce higher
fructose syrup. The process is constituted by a system in which
pPacked-bed adsorbers and immobilized-glucose isomerase reactors
are combined. Two models are presented to calculate the concen-

tration profiles of glucose and fructose in the system.

12, 2, Theoretical Considerations

Basic idea behind the new process. Although in the system
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Fig. 12-1. Schematic representation of a system which com-
bines adsorption columns and immobilized-glucose isomerase
reactors for producing higher fructose syrup. The white
sections (Al to Al6) bounded by two broken lines are adsorp-
tion columns. The shaded sections (Rl to R7) represent the

immobilized-enzyme reactors.

the adsorbent particles does not actually move continuously, the
basic character of the system is more clearly explained first by
describing a hypothetical moving-bed adsorber including reactors.
Figure 12-1 shows such a system consisting of adsorption columns
(white sections bounded by broken lines) and immobilized-glucose
isomerase reactors (shaded sections). The system is divided into
three zones, I to III, by the introduction and withdrawal points
of liquid streams. An adsorbent which adsorbs fructose selective-
ly is packed in the adsorption columns. The reactors and adsorp-
tion columns are alternately arranged in zone I. Zones II and III

consist of only the adsorption columns. The liquid flows through

both the adsorption columns and the reactors. The adsorbent par-
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ticles move toward the right direction skipping the reactors in
zone I.

An equilibrated mixture of glucose and fructose fed to the sys-
tem flows to the last adsorption columns (AB) in zone I. Fructose
in the mixture is adsorbed on the adsorbent ihere, and a certain
guantity of glucose is alsc adsorbed. Consequently, the glucose
content of the solution leaving from the adsorption column {A8)
becomes higher than the fructose content. The solution is intro-
duced to the next reactor (R7), and the equilibrium between glu-
cose and fructose is almost attained in the reactor. By passing
through the adsorption coliumns and reactors alternately in zone I,
glucose in the mixture is almost completely converted to fructose,
all of which is adsorbed on the adsorbent particles. Therefore,
the solution leaving from zone I contains neither glucose nor
fructose, and can be utilized as a desorbent. Since all of the
water in the feed solution can be used as the desorbent, the gquan-
tity of desorbent introduced to the system may be saved. This
also means that the cost of evaporation of water in therproduct
may be saved.

Fructose adsorbed on the adsorbent particles in zone I is con-
veyed to zone II and III by the movement of the adsorbent parti-
¢cles. The functions of zones.Ii and IIT are the same as those of
zones TII and-IV in the simul#ted moving-bed adsorber mentioned

in Chapter 11. Zone II acts to desorb glucose adsorbed partially
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in zone I and to reduce glucose in a product stream. Fructose ad-

sorbed in zone I is desorbed in zone III and recovered from the
product stream. Therefore, the solution leaving from the outlet

of the product stream has a higher fructose content. The adsorb-

ent particles are regenerated in zone III and conveyed to zone I.

calculation of concentration profiles in a system including ad-
sorption process and immobilized-enzyme reaction. Mcdels sim-
ilar to those proposed for the simulated moving-bed adsorber in
Chapter 11 are presented to calculate the concentration profiles
in the system. A model is an intermitted moving-bed model which
expresses faithfully the real movement of adsorbent particles.
Another model is a continuous moving-bed model where the continu-
ous movement of adsorbent particles is hypothetically assumed.
The assumptions made in Chapter 11 are alsc made in this chapter.

(a} An intermitted moving-bed model. The mass balance equa-
tions for the concentrations of component k at the liquid phase
Ck and at the stationary phase C; in the adsorption column are the
same as Egs.{11-1) and (11-2) in Chapter 11. The partial differen-
tial equations are discritized in the same way as menhtioned in

Chapter 11 to yield the following equations.

Ck(xi'ej+1) = (1_un'AG/Ax_B.A9)'Ck(xi:ej) +‘E.Ae'ci(xi'ej)

+ oy -86/8%) +Cy (x; 1,0, (12-1)
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C;(xi,e.

=y *AQ- ~v. *AB) <C* (x,,6.) 12-2)
j+1) Y, b9 Ck(xi,ej) + {1~y AB) k(xl 63 (

The nondimensional parameters, E;, E} and ?%, are defined in Eq.
(11-6) in the previous chapter.

The mass balance equations for glucose and fructose concentra-
tions, C_ and C_, in the immobilized-glucose isomerase reactor are

G F
expressed by Egs.(12-3) and (12-4), respectively.

BCG BCG Vm(CG - CF) 5
e = Vg T (l~€bR) - {12-3)
+ +
at 2z Km CG CF
BCF BCF Vm(CG - CF) -
epr = VR + (1—ebR)———"——————~ (12~-4)
st 9z Km + CG + CF

where-ebR and VR represent the void fraction of the immobilized-
enzyme bed and the linear superficial velocity of liquid flow.
By discritizing Egs. (12-3) and (12-4) forward for time and back-

ward for distance, the following eguations are obtained.

CG(xi'ej+l) = CG(xi,Bj) - (aR°A9/Ax)[CG(xi,Bj)—CG(xi_l,Bj)]
Vm-[C_(x,,8.,)-C_(x.,8.)]

- BR'AB G i 3 F 11 (12-5)
Km + CG(xi,Bj) + CF(xi,Sj)

CF(xi’ej+l) = CFin'ej) - GaR'AG/Ax)[CF(xi.Bj)—Cé(xi_l,Bﬁ)]

Vme- [C ..8.)-C .0 '
e | G(xl J) F(xl j)] (12-6)
Xm + CG(xi,Bj) + CF(xi,Bj)

+ BR-AB
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where

x = 2L, (12-7b)
_ (12-8a)
Gr = T/ (e gl
- - (12-8b)
By = (1-epp)T/Epp

and LR is the length of an immobilized-enzyme column. The bound-

ary conditions between zones are given as follows:

at the inlet of feed stream {(between zones I and II)
Ve'Cre * V11 k11 T V1i"Ck10 (12-9a)

at the outlet of product stream (between zones II and III)

Crrrrr = Ckr1rO (12-9b)

at the inlet of desorbent stream (between zones III and I)

veoCxr1 = VirrCrrrro (12-9c)

where the subscripts O and 1 denote the inlet and outlet of each

zone, respectively.
As shown in Fig.1l2-2, C L8 *
g ’ k(:-z::L 3+1) and Ck(xi'ej+1) for glucose
and fructose can be calculated explicitly from Egs.(12-1), (12-2),
(12-5), and (12-6). The calculations of C, and C* are carried out

k k

until 6 reaches to 1.0. When 8 = 1.0, C, and C} in the adsorption

columns are transposed in the direction of the broken arrows, while
Ck in the reactors are stayed in the same position as shown by

the solid arrxows. Then, the 8 value is reset to be zero. These
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=123
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Feed ———= Direction of Hquid flow

— Axial distance

Fig. 12-2. Schematic representation of the précedure for
calculating the concentration profiles in the system by
using the intermi‘tted moving-bed model. The scolid and bro-
ken arrows indicate the directions of displacement of Ck

and C;‘{ when 8 = 1.0.

arrangements are repeated whenever 0 reaches to 1.0. This model

expresses faithfully the operating procedure of the system and can

give the concentration profiles at the unsteady state. To obtain

the concentration profiles at the steady state, however, the un-

steady state process must be calculated in this model. Another

model is presented to calculate conveniently the concentration

profiles at the steady state.v

(b) A continuous moving-bed model. A hypothetical and conti-

nucus movement of adsorbent particles is assumed in a continuocus
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i i i ion of adsorbent move-
moving-bed model. considering the directio

i * at
ment to be positive, the mass balance equations for Ck and Ck
the steady state are given by Eqs.(11-10) and {11-11} in Chapter

11 and solved analytically to yield Egs. (12-10) and (12-11).-

expla (l-Bnk)x] - Bnk l - exp[an(l—Bnk)x] .
¢, = 2 c, . + cto
X k0 L&
1- Bk nk
(12-10)
Bnk[exp{an(l—snk)x} - 1] . . 1 - Bnkexp[an(l—Bnk)x] o
Ck = %0 L %0
1 - Bnk nk
(12-11)

The dimensionless parameters, @ and Bnk' are defined as follows:

o

. (12-12a)
n KfavLA/un

B

nk un/[us(l - Eb)mk] {(12-12b)

When x = 1, Egs.(12-10) and (12-11) express the relationships be-

n the concentrations of component kX at the inlet of adsorption

column and those at the inlet.
Thelconcentrations of glucose and fructose at the outlet of the
reactor, CG and CF' are related to those at the inlet, CGO and

cFO’ by using the conversion of glucose to fructose x

c
Ce = Cgo = %g[Cqp = (Cgp + Cpg)/ (K + 1)1 (12-13)
Cp = Cpg + %glCpy - KelCop + Cop)/ (R + 1)) | (12_14)
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where K is the equilibrium constant of the isomerizing reaction
and is equal to 1.0 at 50°C. The conversion X is defined by Eg.

(12-15) and expressed by Eg.(12-16).

%o = [(CgumCog) = (CgrCol)1/(CyCoy) (12-15)
2(1 - € _)Vm L

= 1 - expl- R (12-16)
Km+ €0 * Cro Uk

The euilibrium concentration of glucose is denoted by CGe' When

the reaction can be approximated to be first-~order, that is,

(C + CFO) is much smaller than Km, the conversion x_ is fixed

GO G

independently on the concentrations of glucose and fructose at
the inlet of the reactor.

To évoid the overflow in calculation by a computer, we intro-
duced a variable E}, which is used for calculating the concentra-

k

tion profiles in the moving-bed adsorber in Chapter 11.
C* =¢C, - C* : (12-17)

Taking the boundary conditions similar to Egs.(12-9) into con-

sideration, the simultaneous equations including C, and C* at the

k k

inlets and outlets of adsorption columns and reactors as unknown
variables are set up. The variable vector xi at any point in

‘Fig.12~3 is defined by

— _ T ) '
= * *
X = I 61 Cps CFs? (12-18)
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The variable vectors are related by the following simultaneous

equations.

vhere

l—exp[un(l-ﬁnc)nn]

1 -8

nG

exP[Gn(l—BnG)Nn]

272

1

16
17
18

P S S 4

C

Q h O

=)
| -

1- _ ‘
-exP[Gn(l BnF)an

1-8

nkF

exp[un(l—BnF)Nn] ]

(12-19)

(12-20a)




and

I

2(xG—1)

1-

o o O o

l-uI/u

Cpg e/ Vry

Yirr’ Vs

~uppp/Ys

u_/u

I 11
II

o O = O o
o +H O O
= © O O

Ces U Vg1
~Cge "¢ Ury

Cpg” f/“

U/

l-u /oy

‘U /Uy

1-u /uy,

—~X

-

= © O O

X

2(xG—l)

(12-20b)

{(12-20c)

(12-204)

(12-20e)

(12-20f)

" (12-20g)



Read the data

Calculate x, on the assumption that

the reaction is of first-order

|

Caleculate the concentration
profile

N
L

E‘Icu'late %o ﬁ;om Eq.(lé-lﬂ]
|

Calculate the concentration

E.E prafile C‘ L

0o 11 LA

NO

T | 2’
wkllt‘

YES

|Hr1ta the nsuns-i
{ Stop ]

Fig. 12-4. Flow chart for calculating the concentrations

of glucose and fructose in the system proposed by using the

continuous moving-bed model.

In Eq.(12-20a), 1.0 is substituted into N cnly when n = I. The
concentration profiles in the system are obtained by solving Eqg.
(12-19). Pigure 12-4 shows the flow chart of calculation by a
computer. First, assuming that the glucose isomerase-catalyzed
reaction is first-order, the concentration vector Cl is calculat-
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ed.

C = - (12_21)

The xG for each reactor is calculated by substituting the approx-

imate CGO and CF values intoc Eqg.(12-16). The new concentration

o

vector C2 is cbtained by using the X values. It is examined
whether the difference between the new concentration profiles C2
and the old ones Cl is within a permissible range of error £ or
not. If the difference is over the range, the préfiles C2 are
substituted into Cl and the more reasonable profiles C2 are ob-

tained. These calculations are repeated until the profiles C2

coincide with the last ones C1 within a given permissible error.

12. 3. Materials and Methods
Adsorbent, immobilized glucose isomerase, and chemicals.

The Ca2+ ion form of Y zeolite kindly supplied by Toyo Soda Mfg.
Co. Ltd. was used as an adsorbent. The adsorbent adsorbs fructose
selectively. The detailed properties of the adsorbent are de-
scribed in Chapter 10.

The immobilized glucose isomerase (commercial name: Swetase,
Nagase Sangyo) is, strictly Speaking, an immobilized micoorganism,
that is, Streptomyces phaeochromogenes is adsorbed on the quater-
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Fig. 12-5. Schematic diagram of experimental apparatus for
producing higher fructose syrup by using the proposed sys-
tem. The rotary valve consists of two stainless steel discs.
The adsorption columns are connected to the upper disc.

They are periodically moved to the direction counter to
liquid flow. The reactors are connected to the lower disc

and are stationary.

nary pyridine compound.

Glucose and fructose were purchased from Nakarai Chemicals.

All other reagents were of analytical grade,

Experimental apparatus. Figure 12-5 shows the schematic di-
agram of experimental apparatus used in this study. The rotary
valve is the same as that used in Chapter 11. Sixteen adsorption
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columns packed with Y zeolite are connected to the upper disc.
The size of each column is 1-38 ¢m in diameter and 10.2 cm in
length. Seven reactors packed with the immobilized glucose iso-
merase are connected to the lower disc. The size of each reac-
tor is 1.38 cm¢ X 18.0 or 10.2 cm. The lower disc is station-
ary, while the upper disc is rotated in the direcfion counter to
the liquid flow at regular intervals. By the rotation of the
upper disc, the simulated movement of only adsorbent particles
is accomplished. The adsorption columns and reactors were kept
at 50°C by circulating thermostated water in the jackets, al-

though the flow of the water is omitted in Fig. 12=5.

Determination of kinetic parameters of immobilized glucose
isomerase. The isomerization of glucose to fructose is a re-

. . . . 4
versible reaction and its rate equation ) may be expressed by

Vm_Km_C_ - Vm_Km,C
15,
r =r = G 2 1F , (12-22)

Klem2 + szcG + KmlCF

where the subscripts 1 and 2 denote the forward and backward re-
actions, respectively.

The preliminary experiments showed that the Km and Vm values
of the immobilized enzyme were identical for the forward and
backward reactions at 50°C and were 0.36 mol/l and 1.99 X 10>
mol/l-s, respectively. It was also suggested that the immobi-

lized enzyme may possess weak activities of other enzymes.
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Since it has been reporteds) that glucose isomerase from Strepto-

myces sp. has a relatively high thermal stability, the immobilized
enzyme was heated at 70°C for 1 hr to denature impure enzymes.
Since this thermal treatment may weaken slightly the activity of
the immobilized enzyme, the activity was evaluated every experi-
mental run.,.

The immobilized glucose isomerase was packed in a column (1.38
cmé¢ X 10.2 or 18.0 cm) with water jacket. The reactor was kept
at 50°C. A glucose solution of an appropriate concentration was
continuously introduced to the bed. After the steady state was
established, the conversion xG was observed. The xG values were
cbtained at varicus rates of feed. The conversion X is express-
ed by Eq.(12-24) under the assumptions of common Km and Vm values
for the forward and backward reactions and of the plug flow of

liquid.

»
I

¢ = 2 Cp /Cup (12-23)

1 - exp{- (l—ebR} « [2Vm/ (Km+CGO) 1. (LR/VR) } (12-24)

L - i ; -
- n(l xG) was plotted against (1 - EbR)-LR/vR, yielding the slope
S. The veoid fraction of the bed Epr Was found to be 0.41. The
values of slope § were obtained at some concentrations of glucose.

The Km and Vm values were estimated from the plot of 2/S against

CGO‘ When the reaction could be approximated to be first-order,

the first-order rate constant k (= Vm/Km) was estimated from the
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plot of 1n(l ~ xG) against (1 - EbR)-LR/vR.

Production of higher fructose syrup. The Ca2+ ion form of

Y zeolite (8 g on dry weight) was packed into each adsorption col-
umn. The immobilized glucose isomerase was swollen in"distilled
water, heated at 70°C for 1 hr, and packed into columns. The feed
solution contained glucose and fructose at equivalent concentra-
tions. They were dissolved in 0.02 mol/l Tris-HCl buffer (pH 8.0)
containing 0.01 mol/l magnesium sulfate. The buffer was also used
as a desorbent.

Before the operation being started, the liquid in the adsorp~-
tion columns and the reactors was displaced by the solution con-
taining glucose and fructose in the concentration of Ckf°Qf/(Qf +
Qd). By switching on three pumps, the experiment for producing
higher fructose was started. The upper disc was rotated at 2 or
3 min intervals to accomplish the simulatéd movement of adsorbent
particles counter to the liquid flow. The concentrations of glu-
cose and fructose in the product stream were analyzed every 30
min. The operation was proceeded for 13 to 18 hr to establish
the steady state. After the estéblishment of the steady state
was confirmed, the operation was stopped. The solﬁtions in the
connecting tubes were sampled and the concentrations of glucose
and fructose were measured. fhese measurements give the concen-

tration profiles of both the components in the system.
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Taple 12-1. Experimental Conditions for Producing Higher Fruc-

tose Syrup by Using the System Combined Adsorption Process and

Immobilized~Enzyme Reaction.

Run No. R-1 R-2 R-3 R-4 R-5 R-6 R-7
Car [mol/1] 0.1 0a 0.1 0.1 0.5 1.0 1.0
Cre [mo1/1] 0.1 0.1 0.1 ¢.1 0.5 1.0 1.0

Q  [em’/min] | 0.4 0.4 0.4 035 0187 0.143 0.187
0 fed/min] | 2.0 2.0 2.0 1.950 0.744 0.439 0.378

0 [en’/min} | 2.4 2.4 2.4 2.307 0.931 0.582 0.565
T [min] 2 2 2 2 3 3 3
X [-1] 070 o086 06 05 - - -
K [mol/1] - - - - 0.48 0.4  0.37
Vm  [mol/1-min] . - - - 0.066 0.127 0.053
vy [em/min] | 3.654 3.144 3.780 3.978 2.658 2.640 2.670

Y [em/min] 3.38¢  2.800 3.516 3,738 2.478 2.544 2.544

V111 lem/min] | 4.986 4.482 5.112 5.280 . 3.096 2.934 2.922

The concentrations of glucose and fructose were determined by

using high-performance. liquid chromatography (Shimadzu, LC-3a).

12. 4, Resalts and Discussion

Production of higher fructose syrup. The experiments for pPro-—

ducing higher fructose Syrup were performed under various condi-

tions. The operating conditions for the respective experimental

runs are listed in Table 12-1. The kinetic parameters of the ther-
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Fig. 12-6. Time courses of glucose and fructose concentra-
tions in product stream in run R-7. The solid and broken
curves were calculated for glucose and fructose, respective-

ly, by using the intermitted moving-bed model.

above.

Figure 12-6 shows the time courses of glucose and fructose con-
centrations in the product stream, which wére obtained for run R-
7. The fructose content in the product stream became 52.6% after
17.5 hr and the higher fructose syrup could be obtained. The
solid and broken curves in the figqure were calculated for glucose
and fructose by using the intermitted moving-bed model. The theo-
retical curves coincide with the experimental ones, indicating
that the intermitted moving-bed model is useful to predict the un-

steady state process in the system.
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Figure 12-7 shows the concentration profiles in the system for
run R-7, which were measured at the end of operation. The solid
and broken curves in Fig. 12-7(a) are the theoretical profiles of
glucose and fructose concentrations in the system. The profiles
were calculated by using the intermitted moving-be@ model and co-
incide well with the experimental ones. The curves in Fig. 12-7
(b) were calculated by using the continuous moving-bed ﬁodel.
They express well the characteristics of concentration profiles.

In other runs, the theoretical profiles coincided with the ex-
perimental ones in the same degree as in run R-7. These observa-
tions mean that the intermitted moving-bed model is-effective to
predict precisely the concentration profiles in the system and
thét the continuous moving-bed model may be convieniently used to
calculate roughly the profiles because of the easiness of calcula-

tion.

Determination of operating conditions. = The nondimensional
parameter Bnk defined in the continucus moving-bed model denotes
the ratio of the amount of component k carried by the liquid flow
to that conveyed by the flow of adsorbent particles. As mentioned
in Chapter 11, the Bnk value has played an important role in the
determination of the operating conditions for separating glucose
and fructose by using the Simuiated moving-bed adsorber. In the

proposed system, the Bnk value is also important for the determina-
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ig. 12-8 Effect of Bnk values on the concentration pro-

files in the system. fThe Bnk
ure.

values are listed in the fig-

The profiles in the upper figure (a) and in the lower

figqure (b) were obtained in runs R-1 ang R-6, respectively.

The Bnk values were \nreasonably set in run R-1. In run r-

6, t i
+ the an values were in a Proper manner and then higher
fructose SYrup could be produced.

284



Fructose must be adsorbed in zone I, so that the BIF value
should be less that 1.0. The BIG value should be more than 1.0
in order that zone I may fulfill its proper functions. Since
zone IT must function toc recover only glucose adsorbed partially
in zone I, the BIIG and BIIF values should be moré and less than
1.0, respectively. Fructose adsorbed in zone I is desorbed in
zone IIT and withdrawn by the product stream. Therefore, the
BIIIF should be set to be more than 1.0, and inevitably BIIIG >
1.0.

Figures 12-8(a) and (b} illustrate the concentration profiles
obtained in runs R-1 and R-6, respectively. The ng values are
listed in the figure. The solid and broken curves are the theo-
retical concentration profiles of glucose and fructose. The
curves were calculated by using the continuous moving-bed model.
In run R-6 (Fig. 12-8(b)), the Bnk values were reasonably set so
that the higher fructose syrup could be produced. On the other
hand, in run R-1 (Fig. 12-8(a)), we failed to produce the higher
fructose syrup because the BI and B values were set to be less

G IIG

than 1.0. These typical runs of experiments may suggest the ﬁnk
values are important parameters to determine the operating condi-
tions for producing the higher fructose syrup and that the Bnk

values should be set in a manner mentioned above.
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12. 5. Summary

An essential idea of the system developed in this chapter is
promotion of the yield of the product in a reversible reaction by
combining adsorption process and reaction. The idea of the sys-
tem was realized by developing an apparatus consistingof adsorption
columns and reactors. The system was applied to the process for
producing higher fructose syrup. Two models to calculate the con-
centration profiles in the system were presented and their valid-
ities were experimentally confirmed.

The performance of the process using the system will be com-
pared with the performances of the chromatographic separation pro-
cess and the process using the simulated moving-bed adsorber in
the next chapter. The process using the proposed system will be

verified to be most effective of three processes.

Nomenclature
a s ifi 2 ?

v pecific surface area [cm™ /cm™ -bed]
c concentration at the mobile phase {mol/1]
c* concentration within the particle (mol/1]
= _

C =Q - c*- [mol/1]
K equilibrium constant [-1]
K, overall mass transfer coefficient [em/s]
¥m Michaelis congtant ‘ [mol/11
k first-order reaction rate constant [s—l]
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Vm

length of adsorption column [em]

length of immobilized-enzyme reactor [cm]
distribution coefficient £-]
number of adsorption columns (-1
. 3
volumetric flow rate ) [em /5]
formation rate of component k ' [mol/1-s]
interval of transportation of adsorption column [s]
time [s]

linear superficial velocity of ligquid flow

in the hypothetical moving-bed [cm/s)
linear velocity of adsorbent flow - fem/s]
maximum reaction rate [mol/1-s]

linear superficial velocity of liquid flow

in the fixed-bed. ’ [cm/s]
= z/LA or z/LR (-]
conversion -]
axial distance ' [cm]
- KfavLA/un (-1
= vﬁ?/(ebRLR) | ‘ | [-1]
= v /(g L,) . | [;1
= uh/[us(l - g im] " | -]
= (1 - -EbR)T/SbR ‘ [s]
= Kea T/ey : L -]
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— _ [~]
T = KfavT/[(l ey My ]

£, void fraction of adsorbent bed (-1

€uR void fraction of immobilized-enzyme bed (-]

] = /T (-1
Subscripts

d desorbent

F fructose

£f - feed

G glucose

X component

l. outlet

n | zone number (‘= I to III)

0 inlet

‘i ' forward reaction

2 backward reaction
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Chapter 13
Comparison of Processes for Production

of Higher Fructose Syrup

13. 1. Introduction

Since isomerization of glucose to fructose is a reversible re-
action, any separation process is necessary for production of
higher fructose syrup, in which the fructose content exeeed equi-
librium point of the isomerization. Although some processes for
separating glucose and fructose have been presented,l—a) adsorp-
tion process may be the most promising of them. In prior chap-
ters three processes for producing higher fructose %yrup are pre-
sented, namely, a chromatographic separation process, a process
using a simulated moving-bed adsorber, and a process using a sys-
tem including adsorption process and immobilized-enzyme reaction.
The last process is newly developed in this study. Although the
basic idea behind two processes have been presented, calculation
procedures for the processes have not published yet. This study
has presented the procedures and given a chance of comparison of
them.

As mentioned in Intro&uction of Part III, it is the most sig-
nificant problem in the process for producing higher fructose syr-
up whether the amount of desorbent can be reduced or not. There-
fore, we examine the performances of the three processes from the
viewpoint of the amount of desorbent réquired. The comparison
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will suggest that the process using the system including adsorp-

tion process and reactions is most effective for the production

of higher fructose syrup containing 50 to 65% of fructose content.
The process proposed is a compound process using adsorption and

enzyme reaction. Optimum operating conditions of adsorptive sepa~-

ration may be different from those of reaction. We will discuss

in this chapter on the effects of operating conditions on perform-

ances of the process.

13. 2. Materials and Methods

Materials. Immobilized glucose isomerase (from Streptomyces
phaeochromogenes} was a commercial preparation (Nagase Sangyo,
commercial name: Swetase). Ca2+ ion form of Ino-echanger S-07
was used as an adsorbent. The ion exchanger was kindly supplied

by Organo.

Standard conditions for comparison. Figure 13-1 illustrates
three processes for producing higher fructose syrup. Process (a)
is a chromatographic separation process. Process (b) indicates a
separation process using a simulated moving-bed adsorber. Pro-
cess (c) represents the process proposed. Glucose, a raw material
for higher fructose syrup, is introduced to a main reactor packed
with immobilized glucose isomerase and converted to fructose to
the level of 90% of equilibrium point. The glucose/fructose mix-
ture leaving from main reactor is fed to an adsorptive separator.
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Fig. 13-1. Three processes for production of higher fruc-
tose syrup. (a) Chromatographic separation process. (b)
Process using a simulated moving-bed adsorber. (¢} Process
proposed using a system including adsorption process and im-

mobilized-glucose isomerase reaction.

In processes (a) and (b), a raffinate solution consisting mainly
of glucose is introduced to an evaporator and then the condenced

raffinate solution is recycled to the main reactor. Process {(c¢)
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Table 13-1. Standard Conditions for Comparison of Three

Processes.
Feeding rate of glucose, Qf 1.0 m3/h
Glucose concentration in feed solution, Ce 2850 mol/m3(= 45wt)
Conversion in main reactor, Xg 0.9
Size of adsorber: 1.2m$ x 6.0m
Production rate, Qp 0.§ m3/h
Concentrat1oﬁ in product, CGp+ CFp 4750 mol/m3(=75wt%)
Distribution coefficient, me 0.5

me 0.8
Overall volumetric mass transfer 04 63 B!
coefficient, Kea, :
Void fraction of adsorber, e, 0.40
Void fraction of reactor, e, : 0.4
Michaelis constant, Km ' 191 mo]/m3
Maximum reaction rate, ¥m 5076 mol/m3-h
Ratio of Q. to Q, in (a) and {b) process; 1:1
Number of divided adsorption ¢olumn in (b) 12

and {c) processes;

Construction of each zone in (b) and {c)
processes;
(b) process ; zonel - IV=2,3, 4,3

(c) process ; zone I -111 =5, 4,3

Number of reactor combined in (c) process: 4

has no recycle flow and produces only higher fructose syrup

st . .
andard conditions for comparing the three processes are list~

ed i - .
in Table 13-). Glucose solution of the concentration of 2850

3
mol/m” (= 45%(w/w)) is fed to each Process at the rate of 1.0 m3/

hr. The size of each adsorber is 1.2 m in diameter and 6.0 m in
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length. 1In processes (b) and (c), the adsorber is divided into
twelve small columns. The ratio of withdrawal rate of raffinate
stream to that of product stream is fixed toc be 1 : 1. The dis-
tribution coefficients of glucose and fructose are assumed to be
0.5 and 0.8, respectively. Product solution is condenced until
the concentration of the saccharides reaches to 4750 mol/m3 (= 75
%(w/w)). The sizes of the main reactors used in processes (a) and
(b} should be larger than the size of the main reactor used in
process (c) because glucose separated is recycled to the reactors
in processes (a) and {b). The amount of immobilized isomerase
used in the system combining adsorption process and the enzyme re-
action is made to be egqual to the difference in the amount of the
enzyme between the main reactors used in processes (b) and (c).
The comparison of performances of the three processes was made
by examining the relation between the amount of desorbent intro-
duced to each process and fructose content in the product solution.
The concentration profiles of glucose and fructose in the simu-
lated moving-bed adsorber of process (b) were calculated by using
the continuous moving-bed model. The profiles in the system in-
cluding adsorption and reaction of érocess {c) were also calcu-

lated by using the continuous moving-bed model.

2+ .
Effect of Mg  concentration on kinetic parameters of immobiliz-
ed glucose isomerase. Immobilized-glucose isomerase particles
(20 to 24 mesh) were swollen in 0.02 mol/l Tris-HCl buffer (pH 8.0)
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containing 0.01 mol/l magnesium sulfate and centrifuged for 2 min
to eliminate excess solution on the surface by using a tube equip-
ped with a glass filtex. The particles were granulated in order
that the reaction rate may be free from diffusion limitations.
About 1.4 g of the granulated particles were accurately weighed
and put into a flask. Fourteen ml of the buffer solution was add-
ed there and kept at 50°C. By adding 7 ml of fructose sclution of
an appropriate concentration to the flask, the reaction was allow-
ed to start. The fructose concentration at the start of reacticn
was in the range of 0.1 to 0.8 mol/i. After 40 min, the catalyst
particles in the reaction mixture were removed by filtration
through a glass filter to stop the reaction. The glucose concen-
tration in the filtrate was analyzed by using a glucostat method.4)

These measurements were performed for various concentrations of

magnesium sulfate in 0.02 mol/l Tris-~HC1 buffer, pH 8.0.

Effect of Mg2+ concentration on thermal stability of immobilized
glucose isomerase. About 1.5 g of immobilized glucose isomer-
ase was accurately weighed and packed into a column equipped with
a water jacket. As a substrate solution, 0.02 mel/1l fructose or
glucose solution was used. They were dissolved with 0.02 mol/1
Tris-HC1 buffer (pH 8.0) including 0.01 mol/l magnesium sulfate,
the buffer containing no magnesium ion, or distilled water. Both
the column amd substrate reservoir were kept at 70°C. The sub-
strate solution was continued to feed for 30 to 40 hr at the flow
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rate of 1.0 cm3/min. A solution emerging from the reactor was
sampled at intervals. The glucose or fructose concentration in
the solution was measured. These observations were also perform-
ed at 50°C and 60°C.

Under these conditions, the reaction catalyzed by glucose iso—
merase can be approximated to be a first-order rewversible reac-

tion.

-1 =

g~ Tp = kl[cG - (1/K) °CF] (13-1)

where kl is the first-order rate constant of forward reaction and

K is the equilibrium constant. In such a case, a conversion xG

through the immobilized-enzyme column is expressed by Eg. (13-2)

under the assumption of plug flow of liquid.

L-x, = exp[-(1 - ebR) (LR/VR){I + (1/K) -kl}] (13-2)

When the denaturation of the immobilized enzyme can be expressed

by a first-order irreversible process, that is,
dkl/dt = -kd'kl {13-3)
Eq. (13-4) is obtained approximately from Egs. (13-2) and (13-3).
-In{-In(l-x.)] = k,*t - In[-(1- -
ni c ] a nl-{1 ebR)(LR/vR)(1+l/K)k10] {13-4)

where kd is the denaturation rate constant and k10 is the rate con-

stant of fresh catalyst. Plotting of the left-hand side of Eg.
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Fig. 13-2. Schematic representation of a modified system
including adsorption and immobilized-glucose isomerase re-

action.

(13-4) against operation time gives the kd value. The half-life
th of the catalyst is defined as the time elapsed until the kl
value becomes to a half of klO' The th value is given by the fol-

ldwing equation.
t, = (In 2)/k (13-5)

Modified system including adsorption process and immobilized-
enzyme reaction. We developed a new system including adsorp-
tion process and immobilized-glucose isomerase reaction to produce
higher fructose syrup with fructose content more than 70%. Figure
13-2 shows the system schematically. The system consists of four
zones. Zone I functions to recover glucose remaining in the solu-
tion leaving zone II. fThe diagram of the experimental apparatus

is shown in Fig. 13-3, The apparatus is almost similar to that

used in Chapter 12. Different points are that the Ca2+ ion form
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Fig. 13-3. Schematic diagram of experimental apparatus

for a modified system. A, adsorption colum; DR, desorb-
ent reservoir; FR, feed reservoir; M, flow meter; P, con-
stant-feeding pump; RV, rotary valve; R, immobilized-glu-

cose isomerase column; WB, water bath.

of Ion-exchanger S-07 was packed in adsorption columns and that
distilled water was used as a solvent. A mixture of glucose and
fructose was used as feed solution. The concentration of each

component was 1.0 mol/1.

13. 3. Results and Discussion
Relation between amount of desorbent required and fructose con-

tent in product. Figure 13-4 shows the relationship between

fructose content in higher fructose syrup and the guantity of de-
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Fig. 13-4. Comparison of three processes for production
of higher fructose syrup. Broken, solid, and dot-dash
curves (curves (a), (b), and (c)) correspond with pro-
cesses (a}, (b), and (¢) in Fig. 13-1. This figure shows
that process (c) (the process proposed) requires the
smallest amount of desorbent to produce higher fructose

syrup with 45 to 65% fructose content.

sorbent required for production of the syrup. The abscissa in the
figure represents the introduction rate of desorbent normalized by
that of feed. The chromatographic separation process (process (a))
requires a large amount of desorbent to produce higher fructose
syrup and has the lowest performance of the three processes. The
process using the simulated moving-bed adsorber (process (b)) can
achieve the higher fructose content. The amount of desorbent is,

however, large in the relatively low fructose content. The fruc-
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Table 13-2. Compositions of Fresh and Employed Zeolites.

Composition (wt%) Exchange ratio (%)
Zeolite o4 o4
Cal Na20 MgQ Sio2 A]ZO3 ig. loss Ca Mg
Fresh 5.6 2.3 0.1 49,0 19.9 21.4 71.8 1.8
Employed 4.0 2.3 1.0 48.8 19.9 22.4 53.5 18.6

tcse content in the syrup, which is desirable at the p;esent time
in food manufactures, is 55 to 75%. To produce the syrup of such
a high fructose content, the process proposed {(process (c)) re-
quires the smallest amount of desorbent. The reduction of desorb-
ent required in the process for production of highgr fructose syr-
up means that the energy spent in the succeeding evaporation pro-
cess can be saved. Therefore, the process proposed (c) may be the
most efficient of three processes to produce higher fructose syrup

with 55 to 65% fructose content.

Some problems included in proposed process. The system de-
veloped in Chapter 12 has included two different processes, name-
ly, adsorption process and immobilized-enzyme reaction process.
The optimum operating conditions for adsorption process may be
different from those of reaction pfocess. The Caz+ ion form of
ion exchanger is effective for glucose/fructose separation. On
the other hand, it has been rep;rteds) that glucose isomerase

. - 2+
from Streptomyces sp. requires Mg ion to accelerate its activi-

ty. In the experimental studies performed in Chapter 12, the op-
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erating conditions of reaction process preceded and 0.02 mol/1
Tris-HCl buffer (pH 8.0) containing 0.0l mol/l magnesium sulfate
was used as a solvent. Since it is suggested that the use of the
puffer containing Mg2+ may lead an exchange of Ca2+ on ¥ zeolite
with Mg2+ to decrease the separability, we analyzed the composi-
tions of fresh Y zeolite and the zeolite employed. Table 13-2
shows the compositions. The Ca2+ on fresh Y zeolite is obviously
exchanged with Mg2+ in the buffer. The exchange of Ca2+ with Mg2+
is inevitable as far as a solution containing Mg2+ is used as a
solvent.

The immobilized glucose isomerase used in this study is an im-
mozilized microorganism, that is, Streptomyces phaeochromogenes
is adsorbed on the quaternary pyridine compound. Therefore, there
is a possibility that the properties of immobilized glucose iso-
merase are different from those of the enzyme purified.

The relationship between the conversion X through a reactor in
the system proposed and the fructose content in the syrup produced
was examined on the assumption that the isomerization is a first-
order reversible reaction. Figure 13-5 illustrates the relation-
ship. The figure shows that the fructose content in the syrup is
not proportional to the conversion and reaches the top with a cer-

tain extent of conversion.

In the following sections we will examine the effects of Mgz+

concentration on the kinetic parameters and thermal stability of
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Fig. 13-5. Relationship between the conversion through a
reactor in the system proposed and the fructose content in

the syrup produced.

the immobilized enzyme.

Another problem is that the system proposed can not produce
higher fructose syrup containing more than 70% of fructose. The
reason for relatively low fructose content ﬁay be ascribed to the
fact that the system has no zone to recover glucose remaining in
the solution. Then, we have developed a modified system which
consists of four zones. The modified system is schematically
shown in Fig. 13-2. It will be verified experimentally and theo-
retically that the system can produce higher fructose syrup con-

taining more than 70% of fructose.
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Fig. 13-6. Effect of Mg concentration on the kinetic
parameters of immobilized glucose isomerase at 50°C,

The Km, Vm, and Vm/Km values are normalized by those
observed when CMg2+ = 0.01 mol/1l.

2+ ; . , , .02
Effect of Mg concentration on kinetic parameters of immobiliz~-

ed glucose isomerase. The kinetic parameters, ¥Xm and Vm, of

immobilized glucose isomerase were observed in 0,02 mol/l Tris-
HCl buffer (pH 8.0) containing various levels of magnesium sulfate.

Figure 13-6 shows the plots of Vm, Km, and Vm/Km values against
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Fig. 13-7. Estimation of the denaturation rate constant kd
of immobilized glucose isomerase. The kd value was observed
at 70°C by using 0.02 mol/l Tris-HCl buffer without magne-

sium ion,

the concentration of magnesium ion. The vertical coordinates re-
present Vm, Km, and Vm/Km values normalized by the values observed
when CMg2+ = 0.01 mol/l. PFigqure 13-6 indicates that the kinetic
parameters of immobilized glucose isomerase scarecely depend on
2+ . PR
Mg concentration. These findings may suggest that Streptomyces
: +

phaeochromogenes possesses a certain level of M92 in the cells.
These findings may also suggest that the isomerization by immobi-

lized glucose isomerase can be allowed to proceed by using a solu-

tion without magnesium ion.

2+ .
Effect of Mg  ion on thermal stability of immobilized glucose
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Fig. 13-8. Plots of the denaturation rate constant and
the half-life against the reciprocal of absolute tempera-

ture. The keys are shown in the figure.

isomerase. The denaturation rate constant kd of immobilized
glucose isomerase was observed in distilled water, 0.02 mol/1l Tris-
HCl1l buffer (pH 8.0) without mégnesium ion, and the buffer contain-
ing 0.0l mol/l magnesium sulfate.

Figure 13-7 shows a plot of -1n[-1n(l - xG)] against process
time. The slope of the plot gives the denaturation rate constant
of the immobilized glucose isomerase. Figure 13-8 shows Arrhenius
plot of kd. The half-life th values are alsc plotted in the fig-
ure. The thermal stability of the immobilized enzyme obviously
depends on Mgz+ concentration, while the control of pH value
scarcely affects the thermal stability.
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Fig. 13-9. Comparison of performance of the process using
the system including adscorption and glucose isomerase reac-
tion with that using the simulated moving-bed adsorber during
continuous operation by taking the decay of immobilized glu-
cose isomerase into cosideration. Solid and broken curves
correspond with the process using the system and with the pro-
cess using the simulated moving-bed adsorber, respectively.
The curves were calculated for various Qd/Qf values under the

conditions gsimilar to those in Table 13~1.

The change of fructose content in the syrup preoduced by the

process proposed during continuous operation was calculated by us-

ing the kd value observed when distilled water was used as the

solvent,

Figure 13-9 illustrates the change of fructose content

in various ratios of introduction rate of desorbent to that of

feed, Qd/Qf; a8 a parameter. Standard conditions of calculation
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in the modified system including adsorption process and

Concentration profiles of glucose and fructose

immobilized-glucose isomerase reaction at the steady state.
Feed solution was a mixture of glucose and fructose. The
concentration of each component was 1.0 mol/l1. Distilled
water was used as a solvent. Adsorption columns packed
with Ca2+ ion form of Ion-exchanger S-07 were conveyed in
the direction counter to liquid flow at 5 min intervals.

The experiment was performed at 50°C.

syrup produced by the process using the simulated moving-bed

adsorber (process (b) in Fig. 13-1) is also shown in Fig. 13-9.

The

figure shows that the fructose content in the syriup produced

by the process proposed decreases gradually with the denaturation

of the immobilized enzyme.

Therefore, it may depend on the rela-
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Table 13-3. Standard Conditions for Comparison of the Modi-
fied System with the System using the Simulated Mobing-Bed

Adsorber.

Flow rate of feed stream, Q¢ 1.0 m3/h
Glucose concentration in feed, Cge 1567.5 mo1/1
Fructose concentration in feed, Cr, 1282.5 mol/1

Concentration of saccharides in raffinate, CGr+CF 2850 mol/1 (= 45 wtX)

r
Concentration of saccharides in extract, CGE+CFe 4750 mol/1 (= 75 wt%)

Construction of each zone
Simulated moving-bed adsorber:
Zone 1 - IV =2, 3, 4, 3 adsorption columns
Modified system
Zone I - IV =2, 3, 4, 3 adsorption columns
Number of reactor in zone Il =2 (1.2 m¢ X 0.5m X 2)

tion between the evaropartion cost of water and the cost of the
immobilized enzyme, whether distilled water can be utilized as a

solvent or not.

Separation of glucose and fructose by modified system. To
produce experimentally higher fructose syrup with fructose content
more than 70%, the glucose/fructose separation was performed using
the modified system including adsorption process and immcbilized-
enzyme reaction. Figure 13-10 illustrates the concentration pro-
files of glucose and fructose in the system, which were observed
after the steady state was estaﬁlished. The fructose content in
the extract solution is over 80%.1 The experimental results in-

dicate that the modified system can produce higher fructose syrup

307



HZD

(b) ----- v
(a) [ {5—* Raffinata

R0
Cor*Cre

------ Y W 3
r -
Raftinate Y, 2850 mol/w
cﬁr'clr

""""" . 3 V/ Mzed
2850 sot/m T | e,

Feed, Q, J S Feed, O |

S
Cp * 15878 mat/a’ | |ommeen Cgy = 15675 RO

- J ——————
Cer o 12828 motjn® | [~7=""] § 0 Cpg = 1282.5 mol/w 1,0
...... 7 - —— ¥
* L] .
E Extract 3 £xtract
CG.OCF. ______ csc'cl‘l

- 4750 mol/8’ . 4750 moi/m’

Desorbent i Desorbant b ¥

4 d

Fig. 13-11. Schematic representation of the prccesses for
separation of glucose and fructose. {a) Process using the
simulated moving-bed adsorber. (b} Process using the modi-
fied system including adsorption process and immobilized-

glucose isomerase reaction.

with higher fructose content more that 70%.

Performance of modified system. Performance of the modified
system was compared with that of the simulated moving-bed adsorber.
Standard conditions for comparison are listed in Table 13-3. The
two systems are schematically illustrated in Fig. 13-11. Figure
13-12 shows the results of comparison. Figure 13-12(a) represents
that the fructose content in extract solution of the modified sys-—
tem is over the content in extract solution of the simulated mov-—
ing-bed adsorber at any Qd/Qf value. As shown in Fig. 13-12(b),

the modified system can recover more mass than the simulated mov-
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Fig. 13-12. Comparison of performance of the modified sys-
tem including adsorption process and immobilized-glucose
isomerase reaction with that of the simulated moving-bed
adsorber. The solid and broken curves denote the modified
system and the simulated moving-bed adsorber, respectively.
(a) Fructose content in extract solution. (b) Ratio of mass
in extract solution to that.in feed solution. (c) ratio of
amount of water evaporated per unit time to the volumetric
flow rate of feed solution. -The standard conditions for

comparison are shown in Table 13-3.
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Fig. 13-13. Changes of fructose content in extract solutions
emerging from the modified system and the simulated moving-
bed adsorber during continuous cparation. The solid and bro-
ken curves correspond to the modified system and the simu-
lated moving-bed adsorber, respectively. The solid curves
were calculated by taking the denaturation of immobilized

glucose isomerase into consideration.

ing-bed adsorber. Figure 13-12(c) shows that the amount of de-
sorbent evaporated is scarcely different between the two systems.
Figure 13-13 shows the theoretical change of fructose content
in extract solution during continuous operation. Although the
fructose content in the extract solution produced by the modified
system decreases gradually, the performancerof the system never
falls behind that of the simulated moving-bed adsorber even if the

glucose isomerase decays.

These observations indicate that the modified system is supe-
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rior to the simulated moving-bed adsorber to produce higher fruc-
tose with a fructose content more than 70%. The modified system
requires a recycle flow of raffinate solution to main reactor and
may be relatively complicated in operation. On the cther hand,
the system proposed originally possesses no recycle flow and the
operation of the system may be easy. Therefore, ghe system pro-
posed originally may be suitable for production of higher fructose

syrup containing 50 to 65% fructose.

13. 4. Summary

Performances of three process for production of-higher fructose
syrup, namely, the chromatographic process, the process using the
simulated moving-bed adsorber, and the process using the system
including adsorption process and enzyme reaction, were compared
each other in terms of the amount of desorbent required. The com—
parison indicated that the process using the system including ad-
. sorption process and enzyme reaction was mosf efficient of all to
produce the syrup with 50 to 65% of fructose content under certain
conditions.

The effect of Mg2+ concentration on the kinetic parameters and
thermal stability of immobilized glucose isomerase was. examined.
Although Mg2+ ion affected the thermal stability, the kinetic para-
meters scarcely depended on Mg2+ concentration. These findings

guggest that distilled water can be utilized as a solvent.
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A modified system including adsorption process and immobilized

enzyme reaction wag developed for production of higher fructose

gsyrup with fructose content more than 70%.

The syrup with fruc-

tose content over 80% was produced experimentally using the modi-

fied gystem.

Nomenclature
C " concentration
K equilibrium constant
Km Michaelis constant
kl firgt-order rate constant of forward reaction
kd denaturation rate constant
LRJ length of immobilized-enzyme reactor
m distribution coefficient
Q ' volumetric flow rate
r, formation raté of component k
T absolute temperature
t time

o F

L

half-life of immobilized enzyme
maximum reaction rate -

linear superficial velocity of liquid

in immobilized-enzyme reactor

conversion
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[mol/1]
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[mol/1-s]
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ebR void fraction of immobilized-enzyme reactor [-1

Subscripts
4 desorbent
e extract
F fructose
£ feed
G glucose
P product
r raffinate
0 initial
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