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alginate gel was evaluated to be 21.3 kJ.mol~

3, an exponential increase in D, values was

300 kg m~
?bserveé.‘ However, at all ;oncentratiqnst the ratio De/D
was found to remain constant at 0.91. The‘temperature de-
pendence of D, obeyed -the Arrhéniug’reiationship‘and the
activation energy for diffusion of glﬁcose in the .Ca-
' 1 which is
only ;.2 kJ.mol-l higher than the corresponding value in
water.' The ratio De/D graduaily inc;eased as the tem-
perature was raised from 20 to 50°¢.

Some literature correlations based on the obstruction
effects were found to give good estimates of De values when
low concentrations of alginate were used for gel formation,

but failed at higher concentrations-of Ca-alginate indica-

.ting that hydrodynamic drag effects cannot be neglected.

According to the Renkin equation, mean pore diameters in
. a

different alginate gels were estimated 'to vary from 35 to 8
nm, depending on the type and cencentration of chelating

agent and Né~algrnate used for gel'preparatiqn. These

values were found to be comparable to pore diameters repor-

ted in the literature.

]

Increase in the concentration of either Ca-alginate,
chelating &gent, br entrapped yeast cells, all caused
sfgnificant‘r;ductibns in the values of Dé. For inglance,

the D value of glucose in Ca-dlginéte gel ‘containing 118 kg

dry weight/m30of cells (4.67 x 10710 m?s71) gecreased by

about 30.percent when compared to the Do value in a cell-

*
4 bl L]

free Ca-alginate gel.
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o
.ABSTRACT
In recent years, alginate gels have emerged as popular
. - P
matrices for the entrapment of microbial, plant and mam-
* .
malian cells. As in the case of most ertrapment matrices,

NN

the presehce of an additional diffusional barrier may pro-

- Al

fopndly influence the overall reaction rate. Although
.fendamental engineering éechniques and formulatiens for
>&escrieing combiﬁed ;eaction and mass-tr;nsfer rate§, can

be applied to predict-the'overall performance of a given en-
t;appe& ceTl'bioneact;r'systeh,.prior knowledge of'certain_
physical pa}ameteré such -as, effective substrate difgusi-

vities, D,, and equilibrium partition coefficients, Kp, is

requi;ed. Therefore .the objective of this research was Loy -

" «study the diffusivity characteristics of a universal sub-

strate, glucose, imMalginate entrapment matrices.

-

- Conventional techniques of*measuring De in gel entrap=

ment ma;riées are not ptactical due to the poor mechanicalt

stab&lify of such dolids. A noyel apparatus was therefore
designed to measure De and Kp of gluCose in a&g1nate gels
using }iaiotraeef techniquesl In this method, a’ spec1a11y

prepared, large spheriéal alginate bead was mounted to, a «

v /
stainless-steel rod and the sphege immersed in a llqu1d

o
phase of limited volume. By rotatxng the bead at hxgh angu—

L4

~lar velocities (corresponding fo rotational Reynolds' nqpber

e

of » 5,000) the rate of C14-glucqse,uptake Oor release was

measured using a scintillation spectfometer, under condi-




[))

tions of near idgdl mixing (mixing time < 4.0 s) and negli-
gible, film mass transfer resistance (film mass transfer co-
efficient, k > 2.0 x 10 °m.s”!; mass transfer Biot number,
NBi > 200). A model equation describing unsteady-state mass
transfer in a sphere immersed in a liquid phase of limited
volume was used to evaluate De‘
The optimuq De value was determiﬁed by fitting.the

theq;etical predictions to experimédtal data, using a non-

linear regression analysis computer program. Using 2% Ca-

alginate beads the De and Kp values of glucose at 30° were

cfound to be 6.73 x 10 10 m?. s71, (* 0.12 x 10710 n2 §71y,

and 0.98 (% 0.03), respectively. The former correéponds to

a'De/D ratio of 0.91. e

.

The equilibrium adsorption isotherm for diffusion of

glucose infb Ca-alginate beads wag found to obey a linear

L

relationship. Using‘aeverél estimation techniqueé for cal-

culating Do values, the approximate analyﬁical'solution due

“to Lee (1981b) gave a_value that was similar to that obtain-

‘ed using' the-exact solution. ‘Two correlations were also

deyelop?d in this study to accurately predict the free- -
pbase diffhsivity values of glucose in'water. These cor-

relations were subsequently used in all comparisons between

De and D- ’ . ,' ) - ... .
Y ‘The gffect of temperature, glucose concentration and’
variation in the. composition of a;ginaﬁf gels on the De and

Kp values was examined. When the initial 'cold' glucose

concentration in the ligquid phase was increased from 3 to

LY
L]

a



’

300 kg m'3, an exponential increase in De values was

observed. However, at all concentrations, the ratio D_/D

-

‘was found to remain constant at 0.91. The temperature de-

pendence of D, obeyed .the Arrhenius relationship and the

‘ .
activation energy for diffusion of glucose in the.Ca-
' -1

alginate gel was evaluated to be 21.3 kJ.mol™ -, which is -

o

only 2.2 kJ.mol™®

higher than the corresponding valué in
water.. The ratio De/D graduaily inc;eased as the tem-
perature was raised from 20 to SOOC. ‘

Some literature correlations based on the obstruction
effects were found to give good estimates of De values when

low concentrations of alginate were used for gel formation,

but failed at higher concentrations-of Ca-alginate indica- .

.ting that hydrodynamic drag effects cannot be neglected.

4

According to the Renkin equatfion, mean pore diameters in

»
different alginate gels were estimated to vary from 35 to 8
nm, depending on the type and cencentration of chelating

agent and N5~algrnate used for gel'preparétion. These

values were found to be comparable to pore diameters repor-

ted in the literature.

- L]

Increase in the concentration of either Ca-alginate,

chelating Sgent} br entrapped yéast cells,'g}l caused

N

- - ) : . \ L
significant reductions in the values of D For 1n§tance,
the D value of glucose in Ca-algxnate gel’ contaxnlng 118 kg

dry weight/m30of cells (4.67 x 10 -10 mzs 1) decreased by

about 30 percent when compared to the D, value in a cell-

- . -

free Ca-alginate gel. !



By increaéing the concentration of the gelling agent
(i.e. either CaCl2 or BaClz), a éignificant decrease in De
values was observed gspecially with BaClzf The guluronic
acid content of the alginate did not appear to affect the D_
values of glucose at low gel concentysations, but lower be
values were recorded at higher Ca-alginate concentrations
when the guluronic acid content was raised Efom 40 to 70%
Spproprigte correlations are presented to predict De values
and mean pore diameters as a funglion of Ca-alginate concen-
tration in the geli l

‘As in the case of cell-free Ca-alginate beads, the
activation energy for diffusion of glucose over a tem-

perature range of 20 to 50°C was 2.0 kJ.mol™ !

higher than

the coiresponding value in water (19.1 kJ.moljl). Signi-
ficant differences were not observed in the De values of a
non-metabolizable glucose analogue, 3-0-methyl glucose, when
livé Yyeast ceills were entrapped (106.kg‘dry weight/m3-o§

gel) in the Ca-ﬁlginate gel instead of non-viable cells,

The significance of the data reported in th;E study /’

were assesw®ed in terms of the stability charactgristic; of

the alginate gel matrix and the reported kinetic properties
N R -

of entraﬁped cells.

N1
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CHAPTER 1

INTRODUCTION

.

1.1 Potential of Immobilized Cell Systems
‘ e

"Currently, most of the biotechnological industries
employ conventional batch fermentation processes developed'
at least 40 yeﬁrs ago. ;hese processes are slow, inefficient
and are associated with high capital and operating Eosts.
They have been aptly described as "a lot of water containin%
a dash of caﬁalyst in large expensive fermenters."” The é?n-
tinual start-up and shut-down nature of such systems makes
them difficult to automate and are therefore very labour
_intensive (Atkinson et al., 1980). g

The use of continuous processes, which are simpie to
operate with low energy requirements would significantly
lower operating csgtsl Capital costs may be further reduced
by the use.of mechanically simple and small bioreactors cap-
able of.pigh rates of product formation which Ean only be
achieved if a high‘concentration of viable cells is retained
within the biocreactor. This can be achieved by a process

known as "live cell immobilization"” which has received

considdrable attention during the past decade..



)

»

. 1.2 'Definition of Immobilized Cell Systems

The definition of immobilized ‘cells proposed by Abbot
{1977) has been widely used. Accordingly, any system in
which cells are confined within a bioreactor and thereby

»

permitting their economical reuse i; defined as an immobili-
zed cell system. The term "economical®™ has been used to ex-
clude process in which ce;ls are recovered ané reused by
employing techniques such as cenprifugation and micfofil-
tration which may Introduce high capital and operating
costs. On the other ﬁgnd, flocculant cells are categorized
as being immobilized since their recovery can be ;ccomplish-
ed with relative eaée by employing static settling tggks.

o

1.3 Selection Criteria for Cell Immobilization

In selecting a suitable technique for 'live cell immo-

bilization, a number of criteria need to be considequ.

(1) Primarily, the procedure should be mild enough
to ensure retention of cell viability and at the
same time able to athieve and maintain a high
cell concentration. - .

(1id) fufthermore, the immobilized cell system must be

capable of reactivation, if necessary, and be

stable for prolonged periods of time under the

operating conditions.




(iii) Finally, the fechnique should be simple,
'(" . relatively 'ipexpensive and capable of scale-up.

1.4 Advantages of Immobilized Cell Systems

Thus, a suitable technique may confer all or some of

» the advantages listed below to a fermentation éystem. These

include:

(i) - Possibility of much greater cell concentrations
within the bioreactor facilitating faster
fermentation rates.

. (ii) Operation-.at high dilutian rates without fear of

cel; washout.

-

(iii) Reduced risk of microbial contaminat}on due to

the combined effects of (i) and (it).

. (iv) Less susceptible to the effects of inhibitory
.compounds and nutrient depletion. _..
(v) In situ reroval of cells from the product stream

.

- eliminates the cost of a cell separation unit

normally used as the first step in product re-
covery, thus reducing eaérgy and capital cost
. requirements.
(vi) As opposed to free.cell cOntinqu; sti;}ed tank
bioreactor (CSTBR) sygtems, most immobilized'

cell bioreactors can be aperated in the plug-

flow mode. The latter is espeéiglly beneficial
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when pfsahct inhibition occurs in a fermentation

_process.
1.5 Methods of Cell Immobilization

A wide variety of immobilization technigues have been
developed in recent years and these have 'been classified

\
according to the mode of immobilization as shown below.

-
-»-

(1) Entrapment within gel matrices
(ii) Adsorption onto inert supggrts

(iii) Attachment to solid supports by covalent

bonding
(iv) Mechanical containment within the bioreactor
(v) .Mig;oencapsuL@tion within polymeric membranes
(vi) Immobilization‘without inert supports (cell

~ ~

flocculation)

1.6 Cell Immobilization by Entrapment

The entrapment of live cells.in polymeric gels and

-

their subseguent growth within such supports was first demon-

L4

strated by Updike et al. (1969). Entrapment has since Be-
come a common method for.éhe immobilization ocf not only
yeast‘and bactérial cellé (Linko and Linko, 1984; Margaritis
and Merchant, 1984; 1987) but also for subcellular organ-

elles and enzymes (Kierstan and Bucke, 1977), filamentous
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fungi (Vaija et al., 1982) algae (Mosbach, 1984), plant
cells (Bordelius, 1984), plant protoplasts (Linse and
Bordelius, 1984), animal cells (Nilsson et al., 1983) and
genetically engineered ce;ls {Mosbach et al., 1983).

In the case of recombinant cells, the problem of plas-
mid instabilit{ which is associated with the insertion of
foreign DNA into the host ce&lls, is a major drawback in the
application of. continuous fermentation systems. This problem
can, however, be circumvented to a certain extent, By plac-

ing recombinant cells in an environment in which cellular

replication in minimized, while cellular activity, such as

the production of enzymes and products, is maintained at
high levels. Immobilization by entrapment creates an envi-
ronment in which cells approach their maximum packing den-

sity and consequently cellular replication is inhibited by

lack of available space (Blanch, 1984). Entrapped cell sys--

tems could therefore form the backbone of new bggtechnélogi-

cal processes associated with the use of recombinant cells.

1.7 Entrapment of Live Cells in Alginate Gels

The entrapment of live cells within naturally occur-
ring polymeric matrices, such as alginates, has been shown
by M;rgaritis and Merchant (1984; 1987) to be a very pfbmi—

sing immobilization terhnique.. The entrapment procedure is
attractive primarily because of its simplicity . Gel

formation occurs by dropping a mixture of sodium alginate

’

re:'s



solution and the cell suspension into a solution containing
multivalent cations. The three dimensional gel netwdrk
formed is biochemically inert and cells can be trapped in
the interstitial spaces of the gel. Furthermore, the im-
mobilization reagents are of low cost, making the procedure
attractive for large scale applications.

. The immobilization of whole cells within the alginate
matrix was first demonstrated by Hackel et al. (1975) for
the biodegradation of phenol. Since then the immobilization
of microbial, plant, mammalian, and recombinant cells has
been attempted for a'variety of potential applications using
alginate as the entrapment matrix (Table 1.1).

All entrapped cell systems are, however, subjected to
mass transfer limitations impo§ed by the additional diffu-
sion barrier created by the support matrix. As shown in
Chapter 3, solute partitioning gnd intraparticle mass trans-
fer resistahce‘contribute substantially to,the kinetic pro-
perties of entrapped cell systems. To date, little effort
has been directed to qdantitatively evaluate partitioning
and diffusivity characteristics of solutes in entrapment
matrices. This is attributed to the lack of suitable tech-
niques of measuring soluté diffusivities in polymeric gels
containing entrapped cells. The major objective of this re-
search is therefore directed toward;-developinq a novel,
universal method of measuring solute diffusivities and par-

titioning in gels used for tell immobilization. Alginate

gels have emerged as popular matrices f6f cell immobiliza-

hl

N

W
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Table 1.1. Biotechnological Applications

A Decade of Development

of Alginates:

of E. coli

n
Year Application Reference
1975 The use of alginate gel as an Hackel et al.,
entrapment matrix for phenol (1975)
biodegradation was first de-
monstrated
1977 Immobilization of bacteria, Kierstan and
~yeast, mitochondria, chloxo- Bucke, (1977)
plasts and enzymes
1979 Immobilization of plantéiells Bordelius et al.,
' (1979) :
N O.
1980 Immobilization and microencap- Lim and Sun (1980);
sulation of animal cells Nilsson and
. Mosbach, (1980)
1981 Continuous production of eth- Merchant, (1981);
anol using.entrapped yeast Margaritis et al.,
and bacterial cells (1981)
1982/83 Pilot scale production of eth- Fukushima and
anol by entrapped ﬁéast cells Hanai, €1982);
’ Margaritis et al.,
(1983)
1983 Immobilization of human hybri- Klausner, (1983)
doma cells for large scale pro-'
duction of monoclonal anti-
bodies (Damon Biotech. Corp.
Ltd.) ’
1984 Semi -commercial production of Samejima et al.,
ethanol by entrapped yeast (1984)
cells (Xyowa Hakko Co. Ltd.)
1985 Entrapment of recombinant cells Georgiou et al.,

(1985) ’
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tion and like most other naturally occurring polysacqha-

rides, alginates are available in a wide variety of's;ruCr
tural forms. Consequently, strucggral features that may i;-
fluence solute diffusivities in alginate 'gels will be iden-
tified in Chapter 2. The theoretical and practical consid-
erations leading to the developmént of the diffusivity mea-
surement technique will be discussed™in Chapter 3 and de-
tails of the methods presented inr Chapter 4. 1In subsequent.
chapters, the results obtained in this research will be
presented and their significance assessed in the light of

current knowledge and theoretical models available in the

literature.



CHAPTER 2
CHARACTERISTICS OF ALGINATE GELS USED FOR CELL

IMMOBILIZATION

The development of an entrapped cell system for
commercial application involves a series of considerations

beginning with the choice of the entrapment matrix and

-
-

ending with the decision on the operational mode of the

!"“?
P

-

selected biore S As shown in Table 2.1, several factors
characterize the properties of a given entrapped cell bio-
reactor system. Therefore when scaling up such a system, one
is faced with a large and complex optimization‘problem
(Buchholz, 1982; Weetal and Pitcher, 1986). Additionally,
as shown in Figure 2.1, all these factors influence the sta-
bikity ch;racteristics of the matrix, the kinetic properties
of the entrapped cell system and conseguently, the overall
economics of the final process. Examination of the exten-
sive literature shows that adequate characterization of
imazbilized cell matrices is an exception rather than a-
rule, with the result that a large part of published infor-
mation cannot be critically evaluated in terms of their

potential for industrial application.

- Although several properties of alginates have been

"well defined, to date no attempt has been made to review the

* -
role of those parameters that contribute to the stability

"and operational characteristics of alginate entrapped ¢ell



Table 2.1 Characteristics of Entrapped Cell Systems
(Adapted from Margaritis and Merchant®, 1984:
1987)
A. ' ENTRAPMENT TECHNIQUE
1. Entrapment in polymeric networks by cross-linking-

of polyanions.({alginate, carboxy-methyl-cellulose,
carboxy-guar-gum), and golycations (chxtosan) b
multivalent cations (Ca<*, Al3%, Ba“*, Fec*, zZn<*)
and multivalent anions [Fe(Cn)é_, pcly~-phosphate,
alginate], respectively.

2. Entrapment by precipitation caused by changes in
N pH and temperature or solvent changes (agar,
gelatin, carrageenan)
3. Entrapment within covalent polymeri¢c matrices by
cross-linking-copolymerization (polyacrylamlde) or
by polycondensation (epoxide) °
A} - N
B. . PHYSIOLOGICAL CHARACTERISTICS . * .
1. Cell viability and function ™.
2. Cell growth rate and yield ‘\
3. Cell concentration Tt
. 4. Cell wall integrity and membrdne permeability
5. Metabolic product formation and Yield
6. Respiratory requirements
_7. Plasmid stability of recombinantcells
cC. CHEMICAL PROPERTIES OF SUPPORT
1. Chemical composition and method of synthesis
2. Functional groups, monomer(s), type(s), etc.
3. Possible toxicity of support component(s) to cell
function and viability
D. PHYSICAL PROPERTIES OF THE SUPPORT
1. Temperature and pH stability
2. Solubility characteristics in agueous solutions
. containing different solutes and ions
3. Geometry afid size distribution of the support
4. Density of particle and void fraction .
5. Minimum fluidization velocity
6. Mechanical strength and stability of support
7.. Abrasion and ce}ll leakage from support

v

°
1

10
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TABLE 2.1 (Contd) ) -
8. Mass transfer characteristics

(1) Diffusivity of substrates, products and -
nutrients intoc and out of the support

(11) Oxygen transfer characteristios for aerobic
systems .

(iii1) Partitioning of solute between the soiid

and.liguid phase

BIORBACTOR TYPE

1. Single or multi-stage stirred tank bioreactor

2. Horizontal or vertical packed bed bioreactor

3. Single or multi-stage fluidized bed bioreactor
with or without draft tubes

4. Tower bioreactor

5 Aerated loop bioreactor

Ggg\éirculatiné bed bioreactor , .

-

CBARAE*BRISTICS’OP THE B&OREACTOR .

1. Hydrodynamic &haracteristics
2. External film mass transfer resistances
3. Heat transfer characteristics

é -
BIOREACTOR OPERATING STRATEGY [ -

l. Permentation conditions
2. Mqode of bioreactor operation
(i) Batch,
(ii) Fed-batch
(iii) Repeat-batch
(iw) Continuous

STABILITY CHARACTERISTICS OF THE CELL-MATRIX SYSTEM

1. Activity and half-life in continuous operation

2. Operational:stability in a given bioreactor system

3. Possible stabilization of the cell/enzymatic
system : .

4. Stability and activity preservation during storage




Figure 2,1:

‘:::;prhent of an Industrial Scale Immobilized

"Cell Bioreactor System

"
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systems. In the following sections, an attempt will there-
fore be made to address this need. Additionally, the struc-
tural and physico-chemical properties of alginate gels will
be summarized enabling us to indentify those features that
may influence the mass transfer characteristics of solutes

3

within the alginate matrix.
2.1. Sources of Alginates

Alginates are na®urally occurring polymers which are
extracted from gomq species of brown seaweeds belonging to
the Phaeoéhyceae‘class of algae. The most widéiy uséd spe-
cies for the commerical production of alginates belong - to

the genus Aécophyllum, Laminaria and Macrocystis. Although

several species of the bacterium, Azotobacter vinelandii

also produce alginates as extracellular mucilages, they are
not used as commercial sources for the. polysaccharide
(Margaritis and Pace, 1985). -However, in view of their de-

sirable characteristics, bacterial alginates may in future

provide an economic source,of the product (Chen et al., 1985.

2.2Z. The Structure of Alginic Acid and its Polymers

Essentially, alginic acid is a.linear polysaccharide
composed of two types of uronic acids,' namely, D-mannuronic
acid and L-qulurenic acid (Figure 2.2) linked by £-1,4 and

a-1,4 bonds, respectively (Hirst et al, 1964). As shown in

14



Figure 2.2:

L]

Conformation of " (a) mannuronic acid
(8-D-marinopyranosyluronic acid unit in the Cil
conforﬁation) and (b) guluronic acid (a-L-
gulopyranosyluronic acid unit in the 1C

conformation). Redrawn from Rees (l1%972a).
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Figure 2.3, the uronic acid residues. are arranged in sequen-

ces of three types: contiguous blocks of D-mannuronic acid
residués (MM blocks), conﬁiguous blocks of L-guluronic acid
residues (GG blocks) and blocks of alternating residues (MG
blocks). ‘In the alginate polymer chain, blocks containing

one type of the. residue (MM or GG blocks) are separatgd by

segments in which the two residues alternate (Haug et al.,

1966; 1967a).

The shape of the polymannuronic acid chain is similar
to that found in ether 8-1;4 linked hexosans suqh as cel-
lulose. Mannuronic acid is in the Cl conformation and con-
sequently di-equatorially linked (Figure 2.4a). Polymann-
uronic acid is therefore a flat, ribbon-like molecule
(Figure 2.4Y). On the other hand, polygul&ronic acid is a
buckled, ribbon-like molecule (Figure 2.4d) in which the
guluronic acid is in the 1C conformation and therefore, di-
axially linked (Figure 2.5&). As shown in Figure 2.4, the
conformation of both polymannuronic and polyguluronic acid
is stabilized by a hydrogen bond between adjacent units
(Atkins et al., 1971):

Studies have shown that the proportion of polymann-
uronic acid, polyguluronic acid and alternating segments, in
different comme;cially available alginate éamplés depends on
the species, the season, and region where the seaweed is
harvested. (Haug and Larsen, 1962; Haug et al., 1974; Penman
and Sanderson, 1972)l Commercially available alginates also

differ with respect to the degree of polymerization. Thus,

[ 4



Figure 2.3:
\

-

Structure of polymer segments contained 1in

‘ .
alginic acad. -

(a) polymannuranic acld ‘(MM-blocks),
(b) polyguluronic acid (MG-blocks), and,
(c) alternating D-mannuronic acid and

L-guluronic®acid residues (MG-blocks).

Adapteq from McDowell (1977).
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Figure 2.4:

N 7/

(a) Repeating unit of polymannuronic acid 1in
which the 1 -+ 4 glycosidlc linkage 1s di-
equltorlall -

{b) Schematic representation of the flat,
ribbon-like conformation of polymannuroric
acaid.

(c) Repeating unit of polyguluronic acid in

»
which the 1 - 4 gly2051d1c linkage 1s di-
axial.

(d) Schematac représentatlon of the buckled,
ribbon-like conformation of polyguluronic

acid.

(Adapted from Bryce et al., 1974)
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L .
alginates having a degree” of poly@etizatioq ranging from 100

to 4000 corresponding to molecular weights of 20,000 to
800,000 are commonly available (Smidsrod and ;;ug, 1968a;
McDowell, 1977). These differences therefore account for the
variability in properties and functionality of alginates
isolated from different species of brown algae (Haug g&_gi.,,
1967b; Smidsrod and éaug, 1968b; Stockton et al., 1980), and
as discussed below, élso di;tate the properties of alginage
gels used for cell immobilization.

*

2.3. Gel Pormation and Structure

One of the most important and usefu} properties of

alginates is the ability to form gels by reaction with gulti-

valent cations like Ca2+, Cozt, Zn2+, Mn2+, B

e2+, Al3+, 1’-‘e3'+

a2+, Sr2+,

F etc, The alginate gel formation procedure

. .
was orginally developed by Thiele (1954) and sipce then cat
ions have been widely useé to induce gelation of soluble’

alginates such aé sodium alginate.

The Ca-alginate gel formation reaction may be con-

sidered as the combination of two partial reactions as

follows: '

cay, + 28a" — > 2Nay +  ca’t 2.1
) : .

ca’t '+  2alg  — 3 ca(alg), 2.2
: X o

Ca‘:t2 + 2NaAlg-—->_Ca(Alg)2 + -2NayY - 2.3

o ag—

22
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where Algf represents a’'single uroniT acid anion and.CaY2 is

a soluble calcium salt (e.g. CaClz). .

-

Cooperative binding of Caz+ ions by polyguluronic acid
has been shown to be primarily responsible for formation of
cross-links in Ca-alginate gel (Rees, 1972a). Thus, when in-
creasing quantities of Ca2+ are added to a sodium alginate
solution, the initial amounts are bound to GG-blocks, and as

soon as junction regions are established, further guantities

of Caz+ are even more firmly bound to them. Binding to MM-

blocks and MG=blocks is unimportant until all the GG-blocks

2+

Ly
are saturated}with Ca (Morris et al., 1973).

Baséd onvthq above and ‘known: coordination geometries of
model compouﬁds, Grant et. al, (1973) proposed the "egg-box
model™ to describe the structure of Ca-alginate matrix. As

shown in Pigure 2.5 the GG-blocks associate into aggregates
. - 4 2+

with interstices into which the Ca’ iops fit., GG-blocks

therefore'blay a bredominant part in gel formation because

2+

their combination with each other and with Ca is energeti-

cally more favourable than for either of the other two
blocks (Haug et al., 1967b; Smidsrod and Haug, 1968b). It

’
2f with MM-blocks

-

must be noted that the inteE?ctioh of ‘Ca
ipldys a ;econdary role in Qaintaining the gel structure
(Rees, 1972b; Bryce et 4l., 1974). °._ \ |

) L s &
2.-4. Propgr;;eajéf A;g£nate Gels

-

In thisssection, factors that influence the micro-

. .




- t

. Slthe 2.5: {a) The proposed structure of calcium alginate

.
.

gel 1n which a collection of parallel lines
r.=presents a cross-link.

(b) Schematic representation of a cross-link in
a'Ca-alglnate gel {ormed frém blocks of 20

-~

or more contiguous blocks of L-guluronic

agids residues. f%ch residue 1s shown as a
. ) ’ ’

short straight line 1.e. A repregyents two’

censecutive reSLQUes and the overall shape
of the block resembles a corrugated ribbon.
Such ribbons fqrm'aggrégates kknown as the
"egé—box model”) with 1nterstices i1nto which

. s \\\;‘ Ca2+ ions ‘{(shown as©Q) fit. ({From Rees. g

1972a: 1972b) - - N

kLY
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structure of the alginate gel will be discussed and their
influence on the properties of alginate gels assessed.

2.4.1. Ion-Exchange Properties

For reactions of the type,

2Na.Alg + MCl > M.Alg, + 2 NacCl 2.4
g 92

2

the affinity of the alginate (Alg ) for a divalent cation
(M2+) in comparison with Na+, ls measured by the selecti-

vity coefficient, K, which is defined by Equation 2.5 as

where X represents the mole fraction of the respective cat-

ion in the ??1 phase, and C represents the concentration of
the ions ih solution (Smidsrod and Haug, 1965).

‘Several studies (Smidsrod and Haug, 1968b; i9723;
Smidsrod, 1974) have shown that the sglecgivity coefficient
increased as a function of guluronic acid conﬁent of the gel

and its alginate concentration. Additionally, the affinity

of different metal cations for alginates increased in the*

26



following order (Smidsrod and Haug, 1965; Haug and Smidsrod,

1965):

GG blocks : Mg << Ca < Sr < Ba
MM blocks : Mg ~ Ca - Sr < Ba
MG blocks : Mg - Ca - Sr - Ba

Higher selectivity coefficients result in stronger
binding forces between adjacent chains of the alginate
polymer causing a reduction in pore sizes within the
alginate matrix (Smidsrod, 1974). Thiele and Hallich (1957)
arranged the divalent metals in a "ionotropic series” by
measuring the pore diameters.in gels formed by allowing
divalent metals to diffuse into alginate solutions. The
diameter of the pores decreased in the following order:

Ni, Co, Zn > Ca > Sr > Ba > Cd > Cu > Pb~

which corresponds to am increase in selectivity coefficients

of the divalent cations for the alginates.

2.4.2. Synerisi;

-

The phenc‘:enon of synerisis, exhibited by many gels

[}

(especially when the concentration of polysaccharide is

low), is the spontaneous release of water with contraction

of gel volume (Rees, 1969). Increasing proportioﬁs of Ca2+

- 4
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added to sodium alginate solution causes contraction of the
gel volume due to an increasing tendency to exhibit syneri-
sis (Smidsrod and Haug, 1965) indicating that the alginate *
matrix becomes more and more tightly linked.

According to Rees (1972a), alginates with a high pro--
portion of guluronic acid content would be more prone to
synerisis. However, data of Smidsrod and Haug (1972b) seem
to contradict this view. Thus, synerisis was found to be
minimal at hdigh (>70%) and low (<20%) levels of guluronic
acid in the alginate, but synerisis occurredvreadily with
alginates containing iniermediate (30% to 50%) amounts of
guluronic acid. 1In terms of cell immobilization, synerisis
has important implications in that the concentration ofs;
both, alginate and the cells is substantially higher in the
gel than in Na-alginate solution, before gelation (Johansén r
and Flink: 1986a) . The actual concentration pf cells within
the matrix should therefore be determined when coméaring

mass transfer and kinetic properties of alginate entrapped

cell systems.

2.4.3 Chemical Stability of the Alginate Matrix

Ca-alginate gels are generally insoluble in water even
at high tempgraturés used in thermophilic fermentations
(Suhaila and Salleh, 1982). However, in the presence of

calcium chelating agents such as phosphates, EDTA, citrate

. . +
etc., the ionic-bonds between Ca2

and ‘uronic acid residues
a .

-
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break down which result; in swelling of the matrix associat-
ed with high rates of cell leakage (Dainty et al., 198é¢),
followed by loss in mechanical stability and, eventually to
complete disintegration of the matrix (Cheetham et al.,
1979; Vorlop and Klein, 1983). A number of stabilizing
agents such as ep;chlorohydrin (Ferrero et al., 1982),
polyethylene amine with and without cross-linking agents
(Birnbaum et al., 1981; Veliky and Williams, 1981), and other
commerical products such as Dupont's Tygbr TE (Burns et al.,
1985) have been used to stabilize the structural integrity
of Ca-algiﬁate in the presence of phosphates. However, these
stabilization techniques introduce additional expenditure
and complexity for large-scale preparation of Ca-alginate
bfsed entrapped cell systems and consequently, their use has
not been popular.

Based on ghe above, use of citrate and phosphate buf-
fers in Ca-alginate entrapment matrices is not recommended.
A selection of suitable buffers having a minimal effect on
the stability of Ca-alginate gels has therefore been sug-
gested (Burns et al., 1985; Vorlop and Klein, 1983). If,
however, high concentrations of phosphate (>10mM) are re-
quired for maintenance of cell viability,'incofporaqién of
trace amounts of CaCl, in the fefmentation media has béen
found to maintain the structural iq}egrity of the Ca-
alginate matrix for prolonged periods of time with minimal
rates of cell leakage'(ﬁargaritis et al., 198l1). Alterna-

tively, superior chelating agents such as Sr2+, Ba2+ and
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a1t (Paul and Vignhais, 1980; Rochefort et al., 1986) may be

used for -gel formation instead of Ca.2+ due to their higher

selectivity coefficients (Section 2.4.1), proQided the pro-
ducts of the entrapped cell systems are not used in the food

or pharmaceutical industry (Vorlop and Klein, 1983).
2.4.4 Mechanical Stability.of Alginate Gels

Three different approaches have been generally used to

characterize the mechanical stability of alginate gels:

(1) Single particle (sphere or cylinder) compression
behaviour
(ii) Compression of spherical alginate beads in

packed beds
(iii) Abrasion of spherical alginate beads in stirred

tanks

A summary of the major findings of these studies have
been listed in Table 2.2. 1In general, parameters that faci-
litate stronger binding between adjacent alginate chains

seem to enhance the mechanical stability of the gel (Segeren

et al., l97§).

2.5 Bioreactor s8ign Considerations

The gost common bioreactor used in preliminary lab-

i



‘Table 2.2. Pactors Affecting the Mechanical Stability of
Alginate Gels

Parameter Influence on Mechanical Sta- Reference
bility of Alginate Gel

Alginate Mechanical stability increased Smidrod et al.,
concentra- with increase in alginate csn— (1972); Cheetham
tion centration., Rigidity al[Alg] (1979); Dainty

et al., (1986).

CaCl, con-. Mechanical stability increases Cheetham et al.

’

centfation whereas the elasticity decrea- (1979); Mitchell

ses with increase in CaCl2 and Blanshard,

concentration. " . (1976).
Guluronic Increase in the guluronic acid Smidsrod et al.,
acid cont- content (low M/G ratio) leads (1972); Imeson
ent of to an increase in mechanical et al., (1980).
alginate strength. Gels rich in mann- ‘

. uronic acid are more elastic.
<

Degree of Gel formation occurs when DP Smidsrod and
polymeriza- is at least 65. Up to DP-= 400, Haug, (1972b);
tion of gel strength .increases with Smidsrod, (1974)
alginate increase in DP. When DP > 400, Cheetham et al.,

gel strength is independent .of (1979).

DP. - . !
Type of Mechanical strength improves Smidsrod and
chelating when gels are prepared witg Haug, (1972b);
agent trivalent cations (e.g. Al>* Rochefort et al.

or_with divalent cations (e.g. (1986).°
Ba’*, Sr¢*) which have higher
se%sctivi&y coefficients than -

?a .

*BEffect of Rigidity of 2.31 ml cylindri- Smidsrod et al.,
gelation cal gels (diameter = 1.4 cm; (1972). -
time ~ length = 1.5 ¢m) was found to

: * be ‘independent of time after
gelation was complete which
occurred in less than 48 hrs.
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Table 2.2. (coffit'd)
Parameter Influence on Mechanical Sta- Reference
bility of Alginate Gel
Y
Effect of Gei—strength increases sub- Vorlop and Klein
drying stantially when Ca-alginate (1981); Krouwel
beads are air dried. -et al., (1982);
Burns et al.,
(1985).
Effect of Treatment of Ca-alginate beads Lamberti and
hardening with polyethyleneimine, glu- Sefton, (1983);
agents taraldehyde, Eudragit etc., Suhaila and
improves the mechanical sta- Salleh, (1982);
bility of -the gel. Krouwel et al.,
- (1982).
’ -
Tempera- Mechanical staBility decreases Cheetham et al.,
ture with increass in temperature (1979); Smidsrod
from 4 to 79°C. and Haug," (1972)
. L
Entrapped Increase in cell concentration Cheetham, (1979)
cell con- results in weaker gels. Krouwel et al.,
centration (1982); Klein
: et al., (1980).
Abrasion The abrasion rate of Ca- Klein eﬁ al. '

in stirred
tanks

alginate beads increases with
increases in: (a) particle dia-
meter, (b) stirrer sZeed, (c)
volume fraction of gel suspen-
ded in liquid phase; and (4)
cell concentration.

r
(1980); Klein
and Eng, (1978);
van Ginkel

et al., (1983).
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scale studies has been the vertical packed bed bioreactor
(PBBR). The choice of this cqnfiguration is obvious, due to
the simplicity of construction and desirable kinetic proper-
ties (Section 1.4). However,-a number of factors tend to
limit the use oé the vertical PBBR especially when scale-up

o~

is considered. These limitations include: .

(1) Inability to use feed myterials 'containing par-

-

ticulate matter due to plugging and fouling
problems
‘(ii) In aerobic systems and/or fermentations proces-
ses associated with the producéion of gaseous
by-products, difficulty in oxygen supply and/or
gas hold-ué within the bioreactor, results in
reduced bioreactor efficiency (Cho et al., 1982)
and poor heat tragsfer ch;racteristics (Ghose
and Bandyopadhyay, 1982).
(iii) Plugging and blockage of the bed due to released
cells . :
(iv) The combined effects of (i), (ii), and (iii)
results in extremely high pressure drops- which

in turn causes deformation of the entrapment

matrix (Buchholz and Godelman, 1978; Furusaki et
- K h

al., 1983). u_\\\\

Some of the above problems may be partjally resolved

-

with the use of a sectionalized colpmn-(Pe:g} and Yamashita
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1985), or a horizontal PBBR (Margaritis and Rowe, 1983).
Alﬁernatively, single or multi-stage stirred tank bioreac-
tors (STBR) may be used to alleviate the above problems.
However, with the STBR, limitatiog; due to product inhibi-
tion in a single stage system, high power requirements, and
shear effects near the imgeller.region ceusing gel disrup-
tion have largely restricted its wider use with entrapped
cell systems (Lee et al., 1983)l

It appears that the most desirable bioréac;or configu-
ration, employing entrapped cell systems, is the ‘fluidized
bed bioreactor (FEBR). In this system, immobilized bio;
éatalist particles are suspended and -agitated by the upward
flow of fluid through the bed._Tﬁus, based on khe operation-
al characteristics of a FBBR, this bioreactor configuration
offers unigque advantages to entrapped cell systems

(Margaritis and Wallace, 1984) whichs include the following:

(i) Foreign particlds in the fluid readily pass
through the be? eliminating plugging problems

(ii) Gases can be readily introduced and reﬁoved.

iti7ﬁ Has low power .requirements and operates wi?h | .
relatively low presgure drops |

(iv) Reduced shear effects when compared to the STBR L

(v) Possesses good heat égg‘mass transfer

~——

——

characteristics D .

- - 4

Due to these desirable characteristics, FBBR contain-

3
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ing alginate entrapped yeast cells have been used for pilot-
scale (Fukushima and Hanai, 1982; Margaritis et al., 1983)

and semi-commercial scale (Samejima et al., 1984) produc-%

" tion of ethanol.

From the above discussion and the physico-chemical '
properties of alginate gels, it is apparent that the long
v
term operational stability of alginate entrapment matrices

will depend on many factors, including:

(a) the composition the alginate matrix,
(b) the fermentatiogf conditions employed,
(c) the concentration of entrapped cells,
(d) media composition,

(e) type of buffers u§ed,

(f) the bioreactor configuration, and -~

(g) the hydrodynamic characteristics of the bioreactor

At the ‘same time, these factors may also influence the

mass transfer characteristics of alginate entrapped cell

systems and, consequently, the kinetic properties of the

}hmobilized cell bioreactor (ICBR). To date no effort has

been directed to quantitatively evaluate the influence of
physico-chemical properties of alginates on their mass

transfer characteristics and will therefore form one of the

ma jor objectives of this reqfarCh.
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CHBAPTER 3

~

MASS TRANSFER EFFECTS IN ENTRAPPED CELL SYSTEMS - =

A

The application of algGEates in novel biotechnologikal

-’

processes appears to be very promising indeed. However,

-

this step from the conventional free cell fermentation
system td the noyel entrapped cell system is a major one.
Primarily, .the kinetic properties of the entrapped cellss
alter and conseguently, the theoretical treatment of hetero-
geneous biocatalysis can become comple¥ and difficult

(Kasche, 1983; Karel.et al., 1985). As with other immo-

-

bilized cell systems, the altered kinetic behaviour of en-

trapped cells may be attributed to either .one or. both of the.

. following phenomena (Buchholz, 1982). )

-

o ,
(1) «By virtue of .the immobilization technique,

~ .
changes in the physiological and metabolic pro-'

perties of the  entrapped cells may occur:
(ii) The propértieszof the local.environment, provi-‘
‘“‘ﬂfb;\ ded by the matrix .for the entrapped cells, can - .
be significantly different from that when ‘the

same cells are freely suspended in solution.

A




*

‘-

.3.1 Entrapment and the nféng:nvironnent

-

>
‘et

In the immediate vicinity of the entrapped cells (i.e.
the microenvironmenti, concentration of those species that

influence the rate of reaction differ from those in the bulk R

.

phasey namely, the macroenvironment. This is attributed to:

’ « ~ 8-

(1) . Partition effects between.the solid phase and”
the bulk liguid phase.

(ii) Mass transfer resistances.
N - - [

- ©

g Ky
Consequently, the effect of the above factors on the kinetxtT.

ptopertieé of entrapped'cells can be readily anticipated as

shown in Figure 3.1. | ' S .

L4 L
] « Ld

3.2 Intrinsic Rate and Kinetic Parameters
=Y ~
)

The érue kinetic behavibur of an entrapped.cell system -
is‘phatac;e;ized by'ips intrinsic kinetic“properties which )
can be observed only if the concentr&tién of the substraie,
product, :gtt{énts an&_other effectors are identical tn
both,. the micro- anq.macroénvirohment. However, the intrin- ‘
sit kinetic parameters oé an eﬁtraﬁﬁed cell sjgtem are not
?ccgsaarily the same aiﬁﬁnose of a free cell system becagse\
the iqnobil}iatlon technidue°day alter thé éhysiological and
-qénbolic prbperties'of the immohilized cells. o

-In the following secdions, theoretical approaches used

-

g
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Figure 3.1.

A

”

Schematic 1llustration of the Gi1fferent rates

and kinetic parameters and their i1nterrelation.
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?
to estimate the effective rates of reaction will be discuss-

ed for immobilized cell systems exhibiting intrinsic

> \-
Michaelis-Menten type of kinetic behaviour without substrate
and/or product inhibition.

o

3.3 Partitioning Effects

The inherent rate of reaction is defined as the rate
that would be observed in the absence of mass transfer re-
sistances. Thrs moaified behaviour can be attributed to the
fact that the concentration of charged species, subst;ates,
proaucts, hydrogen and hydroxyl ions, etc. in the doméin'of
entrapped cells may be different from that in the bulk
liquid phase- owing to either4electfo§tétic. hydroppilic or
lipophilic interactions between the suppoftwmatzix‘and the
soluble species. This phenomenon is called the partition
effecé and is generally expressed by an equiiibrium'paf;
tition coefficient (or distribution cbéfficiéhtﬁ;.xp.

In.the case of golid porous pellgts,,Kp is defined as
the solute concentration in the micropores divided by-}té
concentration in the bulk solution at equilibrium. Gel ﬁa-
trices are, however, regarded as being much more homogeneous
than solid porous pellets, and.therefore, according to

Equation 3.1, Kp is defined in terms of the entire gel

volume (Yamane et al., 1981).

p

K= Co/Co
s/Cr A 3.1

40
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-] O . . . :
where, C_. and C, are the equilibrium solute concentrations

S L
in the entire gel volume, and‘the bulk liquid phase, respec-

tively. : .

In the absence of physico-?hemical interactions bet-
ween the solute and the gel matrix, Kp is equal to or less
than unity deqending on the overa}l decrease in free volume
of the gel (Yasuda et al., 1968; Nakanishi et ail., 1977) .
When physico-chemical interactions occur between the gel
matrix and the soluté, Kp values of greater ;han unity have
been reported (Goldstein et al., 1964; Bunting and Laidler,
1972; Sonomoto et al., 1979). Thus, when K5 > 1.0, a higher
concentration of substrate is obtained in the mic?oenviron-
ment than that in the bulk liguid phase, which_rgsults in
fastgt'rafes of reactfon when compargd to an immoyilization
. - matrig having Ké < ;.0. Howevef. for entrapped cell systems
: » exhibiting sﬁbét:até aﬁd/or product . inhibition, a kb value

™

of - leas than unity would be more desirable (Kennedy and ;

Cabral. 1983).

-

In the case of chatged solutes. a shxft in the optxmum

-

pH touurds mure alkaline or acxdic pH values occurs for

- negatively orx positxvei{ charged mat:iCea, respectively
’:(Golastezn. 19763 Bngassar and aoxvath, 1976).' In Sectionf
. 3.4.3 the cohbined 1nflu&nce of pattit;oning effects aud ’ \

mass transfer zasutan‘s on the effectiive reacnon rates

‘"will be discnssed ln more datatl.




3.4 Mass Transfer Effects ' .
The effective rate of reaction and kinetic parameters
for entrapped cell systems are observed, in the presence or

absence of partitioning effects when diffusional resistances

occur during

(i) external mass transfer of the substrate from the
bulk liguid phase to the surface of thevcell
immobilization matrix, and/or

(ii) internal mass transfiigof the substrate within
the entrapment matrix. .

In both, the chemical and biochemical engineering lit-

erature, the eﬁfectiveness factor, n, (defined by Equation

3.2), has been widely adopted as a numerical measure of the

influence of mass.transfer’resiétances (Aris, 1975;
Atkinson, 1974). In the absence of partitioning effects,

observed reaction rate of immobilized

Effec- cell st
n = tiveness = SYst& 3.2
factor reaction rate which would be observed

- with no mass transfer resistance (i1.e.
when C_= C_ [with intraparticle mass

transfer)] or C,= c; {without internal
mass transfer]} .

*
where, CL’ Cs and CS are the substrate concentrations in the
bulk liguid phafe, within the gel matrix, and the gel sur-

face, respectively. Effectiveness factors.of less <han



unity indicate that the substrate concentration on the gel
surface (C;) or within the immobilization matrix (Cs) is
lower than that in the -surrounding bulk fluid (CL), in which
case the overall reaction rate is limited by diffusional
resistances (BRaijey and Cho, 1983).

Starting from the equati?n for diffusion and reaction
on the surface and/or within a spherical biocatalyst, ma-
thematical solutions relating the effectiveness factor to

various process parameters will be presented, assuming for

the moment, that the partition coefficient is unity.
3.4.1 External Mass Transfer §$ .

At steady state, the rate of mass transfer of a syb-
strate from the bulk ligquid phase to the surface of a non-
porous immobilization matrix (i.e. in the absence of intra-
particle mass transfer), at whiqh the substrate is consumed
by a biochemic;l reaction, will equal the observed surface
reaction raie, V (moles of substrate consumed per unit time
per unit volume of the matrix) as shown by Equation 3.3.

- Thus,

*
k agle - Cg)

where, kL is the-film mass transfer coefficient, ag is the

surface area to particle volume ratio, vmax is the satura-

’

=

Y




-

tion rate of reaction per unit volume of the entrapment ma-
trix, and Ky is the saturation constant.

The film mass transfer coefficient, which is a func-

tion of physical properties as well as hydrodynamic condi-
tions within the bioreactor can be evaluated from correla-
tions available in the literature. Karabelos et al., (197l>
have pfesented.an extensive survey of these correlations
applicable to traditional chemical engineering systems.
Some of these correlations have beeg successfully used for
predfctiqg kL at the liquid-solid interface in immobilized
cell and enzyme reactors and have been listed in a number of
reviews (Moo-Young and Blanch, 1981; 1983; Buchholz, 1979;
1982; Vieth et al., 1976; Pitcher, 1978). |

In Equati?n 3.3, the number of parameters necessary to

specify the kinetic properties of the system can be reduced

by introducing the following dimensionless variables:

AL

»

*

* - .
z CS/CL 3.4

dimensionless saturation

T constant = Kp/Cyp 3.5
pa = DamkShler Vmax _ Max. reaction rate 3 g
number - - .
kpagCy Max. mass transfer rate

-~

In terms of these quantities, the substrate mass balance ex-

pressed by ‘Equation 3.3 may be rewritten in the form,

44



v Pa K + 2

where 0 & z* < 1.0, and V/Vmax is the dimensionless effec-
tive reaction rate (Bailey and Ollis, 1977).

The Damkdhler number, Da, expressed by Equation 3.6 is
defineq as the tatio of the maximum reaétion rate to the
maximum mass transport rate. Thud, if Da <<\1.0, the maxi-
mum mass transfer rate is much larger than the maximum rate .
of reaction (i.e. low external film\mass transfer resis-
tance) and the system is known to operate in the reaction-
limited regime. Coanversely, when the film mass transfer
resistaace is high (Da >> 1.0), then the system operates in
the diffusion-limited regime (Carberry, 1976).

The graphical represeﬁtaﬁion of Equation 3.3. can be
facilitated by introducing two additional dimensionless
quantities (Horvath and Engasser, 1974): the dimensionless
substrate cohcentrations or 0*), and the modified bam-
kdhler number, DA (als& known as the dimensionless external

substrate modulys), which are def Pned by Equations 3.8 to

3.10. . N
f . = = K ' ’ . 3-8
ad %o €L %m 1/ ‘
® ®
, o = CS/IF 3.9
vmax
D& - = = Da/k 3.10
kLasx-m .




. 'Y )
The dimensionless effective reaction rate (V/Vma

x) can now
be expressed bﬁ‘ﬁquation 3.11:
-— * *
\ o4 6, = ¢
= * = . 3 . l l
/ Vmax l + ¢ Da

TBe dependence of \—I/Vmax on O .g for different values of Da is
shown in Figure 3.2 which demonstrates the relative impor-
tance of exterﬁal diffusional limitations on tﬁg observeﬁv
rates of reaction.

. The effects of external film mass transfer resistance
on the biocatalytic aciivit; of an immobilized cell system
can be quantitatively expressed by the external effective-
ness factor, ﬂE, whiqh is genérally defined by Equation 3.2.
For an immobilized cell 'system exhibiting Michaelis-Menten
type of kinetic behaviour, g is given by Equation 3.12"
(Bailey and Ollis, 1977),

- .

* ’ *
z /(k + 2) =

1/(x + 1)

) Figure 3.3 shows the dependence of g
- . . *
For Da (or. Da) approaching zero, Equation 3.7 shows that 2

on @ and Da.

must approach unity, and therefore for the reaction-limited

- regime

™

v C
np = 1, ¥V = _max L .13

Km + CL

46



Figure 3.2.

Cu

The dimrensionless effective reaction rate

(V/v ax plotted against the dimensionless
b&!k sukstrate concentration’ (oo) using
» e’ -

different values of the modified Damkdhler
number (D4&), for an immobilized cell cystem
exhibiting intrinrsic Hichaelis-MeQ&en kinetics
at the particle surface couple%,in series

with external film mass transfer (Adapted

from Horvath and Engasser, 1274).
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“—~

Figure 3.3. Plots of the external effectiveness factor

(nE), as a fumction of the modified Damkohler
number (Da), with:the dimensionless @ulk sub-
strate cgﬁcentration (OO) as the variable para-

meter (Adapted from Horvath and Engasser, 1974).
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-In this case, ‘the effective (or observed) kinetic parameters
TT—

-

are‘ same as the true xntnnsz.c kinetic parameters at the

lxquid-solxd_xnterface. vmax and Rm can therefore be ex-

.

perinentaliy evaluat:E'provided that Da << 1l in order to
avoid‘disgpige by sighificant film mass transfer resistance
fBal}e& and Ollis, 19775;\

. The value of Ng decreases with increasing film mass

transfer resistance, and as shown in Figure 3.3, the
. -, . . .
itraignt.lides obtained for pigh values of Da (or Da),
3 . . .
represent the diffusion-limited regime. 1In this cdse (1.e.

Da - =4 . finite), ng is given by Equation 3.14 (Bailey and

-

L4

ollis, 1977), o
e Nt
l + «x - '
Tt osm VT kpagly 3.14
4 » ol ‘ X . ;
’ i - . .
FPor ilamobilized cell systems exhibitiphg power-law
kineticl, charts of N versus Da have been/ presented by - o

E,
] .
Carberry (1976r. However, the intrinsicfrate constant, k"
lndrc. neéa.to be knawn ig order to cal uiage Da. This *
problem is avoxded by relating g %o the observable Dam-. .

kohler nunber, Da. (defined by. Equatxan 3. 15). Whldh (;aa

din.nslonlesn quan;ity containiqg only known‘parameterg

. - e’
1‘ ) ‘ )
_r v . '
*Da s N.D& » —mmm L ' . 3.15
V. kpagky .




The external effectiveness factor, np, can n be determin-
ed from charts of "p versus Da presented by Carberry (1976).

3.4.2 Internal Mass Transfer
°
When cells are immobilized within an entrapment matrix,
besides possible external film mass transfer resistances,
the effect of internal mass transfer limitations on the

properties of the'micrognvironment, and conseguently the

-

kinetic parameters of immobilized cells, can often be very
significant (Klein and Vorlop, 1983; Radovich, 1985; Brink
and Tramper, 1986). d;like external film mass transfer, in-
ternal mass transfer proceeds in parallel with the bio-
chemical reaction. Therefore, a substrate concentration-
gradient is established within tfe entrapment matrix in
which the Eoncentration of the substrate decreases with in-
creasing disténce from the surface of the particle, result-
ing in é.corrésponding detrease in the reaction rate.

- In order to study the effeat of internal diffusional
resistance on the overall rate of geaction that takes place
in a’'spherical entrapment matrix,.the following assumptions

will be made (Karel et al., 1985; Engasser and Horvath,
. \ .

1973);

(i) There is no concetPation dependent interaction

‘between the support and the substrate of pro~ .

. ) duct.

52°




’

(i1) Cells are homcgenepusly distributed within the
matrix as shown by Merchant (1981) and Wada et
al. (1981). '

(iii) The equilibrium partition coefficient (Kp) of.

the substrate is unity.

(iv) Film mass transfer resistance is negligible.
’

(v) The reaction is jisothermal.

(vi) Reaction takes place according to simple

Michaelis-Menten type of kinetics without
substrate and/or product inhibition.

(vii) Substrate is transported through the matrix by
molecular diffusicn only.

/ (vilii) 5he effective substrate diffusivity, De, within

the matrix is constant.

£%;sed on the above, for the_spherical coordinate system
~
shown in Figure 3.4, a steady-state substrate balance on a

spherical shell of thickness dr and radius r, is given by:

(Rate of diffusion into the shell at r = r + dr)

- ‘ Qe
- (Rate of diffusion out of the shell at r = r)

= Rate of reaction in shell . 3.16
« - \ .

—

-
Equation 3.16 becomes:

N



L

f ’
Figure 3.4. Spherical coordinate system for steady-state
substrate diffusion and reaction 1in a spheri-

cal shell of thickness dr.
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P 4

2
dc da°cC - — dacC
47 (r + dr)2 De S . IS dr - 4':::2 De S
dr dr : +dr
) \Y% C
= 4wr2dr {—525——§] ° 3.17
K + C
m sd -

where 4ﬁr2 is the inner superficial area of the spherical -
shell and dCs/dr is the concentration gradient of the
substrate within the sphere at radius r.

Subsequent manipulation of Equation 3.17, yields

2
d°C 24cC \% C
De [ S . S] - _max °S§ 3.18

dr? rdr

with the boundary conditions,

Q
"

\ = 3.19
S CL at r/R 1 .

where R is the radius of the sphere, and

dcg/dr = 0 at x/R = 0 3.20

-

4

By defining a dimensionless internal substrate concentration

+ 8 .
= - ‘ 0 3-21
ci CS/Km .

1Y ]
]

and a dimensionless radial position,

]
«

96



LY - r';
. -
r = r/R 3.22
& \
Equation 3.18 can be written in a dimemsionless form:
2 2
d oi 2do. ) R (vmax/xmoe)oi
— 2 + p— = 3-23
d(r) rdr 1 + o,

From Equation 3.23 it is apparent that the subsﬁrate concen-
tration profile within the entrapment matrix depends on the
size of the:pgrticle, the effective substrate diffusivity in
the support, and on the in;rinsic kinetic properties of the
entrapped biocatalyst. 1In faét; as first suggested by
Thiele (1939), and as shown by Equation 3.24, these three
facsérs can be combined in a single, dimensionless internal
substrate modulus for intraparticle diffusion, ﬂm, which is
also known as the modified Thiele modulus (Kennedy and

Cabral;, 1983; Kuu, 1982; Ryu et al., 1984).

According to Equation 3.24, .

sphere, L = R/3 which is the ratio of the sphere volume. to

the external surface area (Aris, 1957). Thus, the concen-

tration profile of the substrdte in the entrapment matrix is

*

~

. T o
’ e v T 1/2 .
g = L _max 3.24
m K D .
_ m e - .
¥
where L is the characteristic length of the particle. For a




described by the differential equation

/
z

2
d o. 2do. g.
i, i, 9;3!3‘ i 3.25

a5 % Tar 1+ o

with the boundary conditions

* I 4
o = g. = g 3.26
i — o
r=1
and
S
- do.- _ ‘
— = 0atT = 0 3.27
dr

In Equation 3.26 it is implicitly assumed that Ehe film mass

-

ér;nsfer resistance is8 negligible and, consequently, the di-
mensionless substrate‘concentration at the éarticle surface
(c") is equal to the dimensionless bulk substrate concentra-
tioan (o). ’For convenienFe, o, will therefore Be used

d -
throughout the remainder of this section instead of o .

*

Using numerical methods, Engasser and Horvath (1973)

solved the abave non—lingar boundary value problem (Equa-

tions 3.25 to 3.27) to obtain the radial substrate concen-

tration profile as'a function of Ei and 0. Pigure 3.5

shows the substrate concentration profile within a sphere

for different values of ﬂm when 0, is unity, Concentration

»

profiles for other values of 0_ are similar to those shown

o
in"Figure 3.5 (Engasser and Horvath, 1973). This.figure

-



Figure 3.5.

Substrate concentration profile in a spherical
cell immebilization matrix. The dlmenszonles§
internal substfate cgncentratlon (01) 1s plot-
ted as a function of éhe radial position (r)
with the modified Thle}e modulus (ﬁm) as the
variable’ parameter. The ‘dimensionless bulk
sﬁbstéate coﬁcentrat1§n, S . 18 dnlty.(Adapted

from Engasser and Horvath, 1973). » ..




1.0,

04/
]
10' =
)
N
L)
o
2 —
- S
o
" —
oF o
N TR W M N N B N B =
o,
: : 3
4 .

'5 *-9N0D 3Lv¥1SENS TYNY¥ILNI SSIINOISN3NWIA

DIMENSIONLESS RADIAL POSITION, T




SRR

4

demonstrates that at any given value of.r, the effective

substrate concentration in the matrix (0;) decreases with

increasing values of ﬂm. Additionally, Fhe steepness of the
“substrate concentration gradient increases with incfeasing

‘ﬂm. Thus for large values ofjﬂm (i.e. #§_ > 10), most of the

m
entrapment matrix will be completely devoid of the substrate
and therefore only a thin outer shell of the spherical
particle will participate in the biocatalytic reaction.

 J

Knowledge of the substrate concentration profile faci-

litates the determination of the effective rate,of rgaction,'

— ¢ » . ‘— -
V, in the entire volume of the entrapment matrix usimg the

following integral equation (Engasser and Horvath, 1973):

r =1
- o. - 2 -
v = 3 Vmax 1 . (r)y" dr . 3.28
l + O, .
_ i
. r =0

Numerical integration of Equ;tion 3.28 yields the di-
mensionless effective rate of reaction (V]Vmax) as a func-
“tion of Fhe dimépsionless bulk substraée concemtration, Oy
and g This telatioqshgg#js.p;otted in‘Figpre 3.6. For
g < 1, the reaction ig égsthi£11y kinetically contrélleé;
at highe;'values of ﬂm,-the rate'of'reactibn-is slowep due.
to subgstrate depletion. Comparisen of Figures 3.2 and 3.6
shows that the effeéhs of internal diffusional limitations

Y

are much more pronounced than those arising ifrom external

film mass transfer resistance for\comp&fahle values of the

~

a.



Figure 3.6. The dimensionless effective rate of reaction

N (V/Vmax) in a spherical cell entrapment matrix

plotted as a function of the dimensionless oulk

.. sulygtrate concentration, o, weth the modified
Thiele modulus, Gm as the variable parameter

(Adapted from Engasser and Horvath, 1973). =
»
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substrate moduli (Engaéser and Horvath, 1976; Goldstein,

1976) . ¥ - T ‘
The magnitude of intraparticle mass transfer resis--

tance can be characterized by the internal effectiveness )

factor, nI, which is generally defined by EQuation 3.2.

4

More .specifically, Mg is expressed by the following equation.

(Lee et al., 1981):

v 1 + ¢ " .
Ny ¥ el : 3.29
I. v o} :
max o} L ,

A - - o c T g
As expected from the concentration:-profiles in Figure 3.6, ! -t

n; is a function of § and o (Bischoff, i965; Satterfeld,

1970) and the relationship is illustrated in Figure 3.7.

-

When £ 1is smaller than 0.2, n. is practically unity .

I

for all surface concentrations (Rigure 3.7), so that in- '

ternal mass transfer resistance does not affect the .overall G

rate of fBaction. When S, approaches zero (CL1<'KA), nI
] . [}

converges to the effectiveness factor of the corresponding

-

. . 1 . . -
first-order reaction, Ny, which 1s expressed as follows « L

(Rovito and Kittrell, 1973; Baikey gnd Ollis, 1977; Bailey,

’ -

and Cho, 1983). . C - >
.i . ; . ',- 13
. : = - A s 7
n = - . — L4 - . »
I gL | tann.3gl 1g*
m S oom m
[ ’ ’. ., ” S ),' -
In Equation 3,130, ﬂ;,is the modified firat-btder &hiele' .
- . ’ ' ' "'\'m
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4

- 3.4.3 Combined Influence of External and Intefnal Diffu-

sional Resistances and Partitioning Rffects

- . .
In practice, the simultaneous effects of external and .

internal diffusional resiStances are likely to hﬁvé'a signi-
ficant.influénce on the effective reaction rates in'indust-
rial scale immobilized cell and enzyme reactors (Venkétsub—
ramanian et al., 1983){ Thus, when the extent of external':

<. » [
film mass transfer resistance cannot be neglected, the di-

- . 9 )
mensionless form of the equation for ‘diffusion-peaction at

steady state in alspherg is given by Equation 3.33 (Yamane -

. et al.,.. 1981), -
-'“ -
. 2 . .
» . d”z 2dz (« + 1)z _—
- - * == ——— - 3.33
a(r) rdr (x + z) . -

3 e
: . Y-
-~ N - . . .

~ subject to the Sgllowing boundary conditions

-

13 .
"7 'qa/dr = 0 atr 0 o .S 3.34
- . - -" - . L3 .
* »* -
- dz ’ ! CL — ' - ’
Tp—1]. = NBi 1 - — atr = 1 . 3.35
- dr CL

« F

’ * ' i . - ’
where_(dz/dr)s is the dimensionless substrate conqentretign

. _gradient at the particle surface, C; is the substraté con- S
- , * » p . . - 1,"
‘tentration in éﬁe*&iquid phase at the solid-liquid inter-

-

ba
L]



Figure 3.7.

£

The i1nternal effectiveness factor, nI, of a

spherical cell entrapment matrix plotted as a

.

function of the modified Thiele dodulus, Gm.

with the daimensionless bulk substrate concen-

tration, o, as the variable parameter. (Adap-

ted from Engasser and Horvath, 1973).
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[ 4

modulus which is dgfined by,

L R kl 1/2 - . .
g = - - ) * 3-31
m 3 D . _

e .

where kl is the intrinsic first-order rate constant. ‘

A practical pfobiem arises in the use of effectiveness
factor correlations éf the £orm given in Equations 3..30 and
3.31, because the intrinsic rate parameters, needed to solve
these equations, are frequently unknown. To circu&vent this
proﬁlem, Weisz (1973) developed a powerful rel;tionship bet- e

ween n. and an observable modulus, }, defined by Equation

*3.32, which is also known -"as the gqperalized Thiele modulus. ,

\

-
-

The concept of ¢ whigh was conceivea“ﬁhdependeptly by P

Aris (1265a° 1965b) and Bischoff (1965) Es especially power-

; and system parameters ‘ -

‘}s expressed in terms of observable quant;&&ii; Thus, as

ful, sxniﬁ the relationship betweeri n

shown hy Equatlon 3.32, ¢ is 1ndependént of tlre intrinsic
kisetic parameters. Plots of ny versus ¢ for o, - 0

(first-order) and 0, ~ = (zero-order) are given in, FPidure
. 1

*3.8.4 Thus, at high substrate concentrations (C. >> K Y, n

L m I
.can be estimated from the n, versus ¢ ‘plot at 05 = », and
R 3 -‘ ‘Y
. vmax calculated from Equation ?.29 (Lee'et al., 1981). .
\ *
- *"-‘ N
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Figure 3.8. The 1internal effectiveness factor. Ny
spherical cell entrapment matrix plotted as a

of a

function of the opservable modulus, ¢. (Adapt-

- ed from Bailey-and Ollis, 1977).
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<

3.4.3 Combined Influence of External and Internal Diffu-

sional Resistances and Partitioning Effects

.
-

-

In practice, ihe simultaneous effecté of external and .
internal diffusional resiStances are likely to hqvé a signi-
ficant\influénce on the eﬁfgctive tegction rates in' indust-
rial scale immobilized cell and enzyme reactors (Venk&tsnb-
ramanian et al., 1983). Thus, when the extent of external' 

. e .
film mass transfer resistance cannot be neglected, the 4di-

9
mensionless form of the equation for ‘diffusion-peaction at

steady state in alspherg is given by Equation 3.33 (Yamane

et al... 1981), =
2 -
d z 2dz (¢ + 1)z —
— b —— m e . 3.33
d(r) rdr (x + 2) - -
. : . \ \

T dz/dr = 0 atr 0 - 3.34
- - . * ¢
- . - - - - . - .
* * -
- dz CL - -,
I s = NBl 1l - — at r = 1 3.35
- dr =5

T 4

. * C . . .
where_(dz/dr)s is the dlggnstonless substrate concentration

* ) .
. gfadient at the particle surface, CL is the substrate con-
. ‘ : > . . . T
‘centration in the-ligquid phase at the solid-liquid inter-

7 C



i - . .
face, z is the dimensionless substrate concentration given

by, .
z = CS/CL 3.36

K is the dimensionless saturation constant defined earlier

by Equation 3.5, 8 is the Thiele modulug'%or Michaelis-Menten

.

type of kinetics which is expressed by Eqguation 3.37,

T

. v ' 172
g =-R nax . o 3.37
o - Dg (K *+ Cp) '

- .
and Ngi is“the mass-transfer Biot number defined by Equation
3.38.. -

- ]

) Np; = k R/D_ 3.38

- -

ingly, NBi expresses the relative magnitude of ex-
1l and internal maes transfer resistances. Thus, the

higher the wvalue of N the smaller is the effect of ex-

. Bi
ternal film mass transfer resistante .on the overall rate of

A Y 3 - 'S ' -
reaction (Carbercry, 1976). 1In Equation 3.35, the boundary

, x _ )
.condition, C, = C, at r = 1, corresponds to the-case when

L
’ . Ng; ==, i.e. negligible film mass transfer resistance.
] <« In the'presence of partitioning gffects, a steep con-

centratxon change occurs at the solxd—lxquid interface, and

4
the concentration of the substrate }t the .gel surface, Cs



can be expressed mathematically as:
C =" K C ' 3.39
P .
Assuming rapid equilibration at the solid-liquid
» .
‘interface, the boundary condition given by Ejuation 3.35 can

be ‘rewritten in the form,

- 4 * * * . .
- - - Z - F =
— = NBi [l_ C ] At ¢ 1l 3.40
dr S K . .

L ]
where, z has been defined earlier by Equation 3.4.

.Under conditions of combined external and internal mass
transfer resistances and partitioning effects, the "qverall
effectiveness factor"™ designated by n can.also be defined. by
Equation 3.2 (Fink et al., 1973; Hamilton et al., 1973).

. L ——— ——
For the spherical geometry, n is generally expressed by

‘Equation 3.41 (Yamane et al., 1981).

¥
* v ot

_ 3 dz C ' -
n = —— . 3. 41
, ? dr S ' _

*‘
S
3.33 under the appropriate boundary conditions. :\nal'yt:‘ic‘a].

where (dz/dr). is obtained from the solution of Equation

and graphical solutions for'detefmining n ds a function of
g, «, .Nai‘ and Kp have been presented by Yamane et al., .

(19815 and will be summarized in the remainder of this



section,.
For an immobilized spherical biocatalyst exhibiting

first-order kinetics, the first-order overall effectiveness

factor, ;1 is expressed analytically by Equation 3.42.

2 .

- = + : 3.42
" 3Kp (g, coth g,- 1) NG, -

..

where gl is the first-order Thiele modulus defined by Egua-

tion 3-43- o .

_ 1/2
g, R (k,/D,) :

~

In the case of zero-order kinetics (CL >> Km), the

- . 2
zero~order overall effectiveness factor, Ny r can be express-

ed as follows:

. 1/2 —
6 ] 1 n,

when g 3 [ : then — -
. (o] 2 e
L/Kg * 2/, 6ot Wy [

1 2 v
- — [ 1 - (- 50)1/3] [2(1 - At 1‘}.‘ 3.44

.where, g, is £he zero-order Thiele modulus defined by Equa-

tion, 3.45

A -

x




-

I 4

LY v 1/2
g, = r | F2X 3.45
° c.D ‘ ‘
L e ////

However, if Kp/NBi < 3/2 and Kp/NBi # }, then Equation 3.44

may be rewritten in the form,

L]
re
- 1/2 + cos(0/3 + 4n/3) 1 3
no = 1 - 3.46
1l - Kp/NBi
where, -
- K 2 rx 1 3K
e = cos.l l -4 [1'- -2_] [_E_ $ - - _?E] 3.4?
‘ NBi Nei 2 Bg
Furthermore, for the case when Kp/NBi = 1, Equation 3.44 is
simplified and written as
n, = 1 -t1- P 3.48
o
Additionally, when
’
6 1/2 _
ﬂo < - , then n = 1 3.49
‘ /K, + 2/Ng, °
- ‘ A
If the intrinsic reaction rate is expressed by
Michaelis-Menten type of kinetic behaviour, n can be obtain-

ed by the numerical solution of Eq@’tion 3.33. . Yamane et




Bi
= 0.5 and- 3.0 and results for the spherical geometry have

al., (1981) computed n as a function of #, x and N

been plottéd in Figﬁres 3.9 and 3:10, respectively. Thus,
as shown in tgese éigures, when k; exceeds unity, its large
value compensages for the décreases in n due to internal
and/or-external diffusional limitations, resulting in an

. overall ircrease ia #._ Convers?ly, wheq K 1is less than
unity, thé decrease in n .due to diffusional resistance is
compounded by the decrease in n due to the low value of Ky
leaQihg to'a further decrease’in n.

Instead of‘the tediogs numerical methods psed to com-
pute the.overélleeffectiveﬁess E‘étoés for intrinsic
Michaeiis;Menten type of kinetic behavipur, Yamane, (1581)
proposed‘aﬁ approximate élgebraic expression for estimating
n. Accordingly, ) N -

_ . 0.8-
No + 2.6k nl

A o " 3.50

31
[

1 + 2.6x

where, Ho and ﬁl are, respectively, the zero-order and
first-order overall effectiveness factors expressed by
equations presentedléarliej, except that ﬂo and El are
replaced by @, which is defined by Equation 3.37. The
absolute values of -the relative er}ors in n obtained by
using the approximate solution, were less than 3% when
compared to the-valueg determined using numerical methods

(Yamane, 1981).

when K
p

TS -



Figure 3.9.

Q

The overall effectiveness factor for a sphera-

cal biococatalyst, N, plotted as a function of
the Thiele modulus, @, with the Biot numbeg

(N ). and dimensionless saturation constant

Ba
(x ='l/00), as the variable parameters when

Kp = 0.5 (From Yamane, 1981).
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Figure 3.10. The overall effectiveness factor for a spheri-

-

(,csl biocatalyst, n, plotted as a function of

the Thiele modulus,‘b, Qlth the Biot number

(Ng,). and dimgqnsionless saturation constant

(x = 1/00), as tWhe variable parameters when
. »

Kp = 3.0 (From Yamane, 1981).
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3.5 Statement of the Problem
» R

In order to design and scale-up entrapped cell biore-
actor systems and make them viable alternapives.to conven-
tional ferméntation processes, it 1is imﬁg:;;ive that suit-_
able methods exist to determine the effeckiyeness factors
(n) of the immobilized cells (Radovich, 1985; Karel, et al.,
1985; Venkatsubramanian et al., 1983). Two general approa-
ches may be used to evaluate n.

¢

(a) As shown in Seétions 3.4.1 to 3.4.3, n may be ex- -
pressed mathematically by a number of well‘ostablished-cor—
relations incorporating the apéropriate substrate moduli
such as the Damkchler number (Da, Bé)-or ;h; Thiele modulus
(gf bm). Depending on the complexity of the reaction rate
equation, n can be accurately evaluated using anmalytical
and/or numerical methods, or, alternatively, may be approxi-
mated using suitable graphical solutions (i.e. see Figures
3.3.;nd 3.7). Prior knowledge of the intrinsic rate para-

meters (Vma and Km) is however reguired to determine the

X
substrate moduli. A number-of experimentai methods may be
used to determine Vmax and K and these have been reviewed
by Engasser and Horvath (1976). Unfortunately, most of these
methpds are applicable only under a limited set of well de-
fined conditions (Hamilton et al., 1974; Gondo et al., 1975;
Engasser and Horvatﬁ, 1973; Engasser,'1§78), and, in certain

. -

cases, may present practical difficulties (Goldstein, 1976;
! .t ~ !




)

f;e et al., 1981).

(b) An attractive alternative is therefore tc employ
correlations in*which the intrinsic rate parameters are not
required (Karel et al., 1985). As shown in Sections 3.4.1
and 3.4.2 solutions of g and Ny expressed in terms of ob-
servablé\(oduli such as Da and ¢ respectively, are available
and may therefore be preferentially used for determining the

appropriate effectiveness factor.

In both of the above cases, quantitative values of the

physical parameters (i.e. kL and 6;) are also required for

the determination of n. The former maf be estimated from
suitable correlations or determined expergmentaliy. ‘For
instance, as mentioned earlier, the film mass transfer co-
efficient on the surface of an entrapment matrix can be

estimated from literature correlations.

The influence of internal mass transfer resistancé& on

_the overall rate of reaction can be observed by reducing the

]

particle size until-no further increase in the reaction rate

occurs (Buchholz, 1982). This Einal rate i3 then assumed to

<

be the intrinsic rate of reaction and by applying Equation

3.2, the effectivéness factor can be calculated. Frequently

-~

a substantial size reduction of the entrapment matrix may be

,required which can only be achieved by crudhing the gel

matrix’ (Jain and Ghose, 1984)% This procedure can have:

deleterious effects on the size and structure of the pores

B el
<

3 ¢ L]

81



within the entrapment matrix and consgquently will mask the

true intrinsic kinetic p?rameteré.(Weetall and Pjtcher,
1986) . Thérefcre, reliable estimates of the Thiele moduli,
intrinsic rate parametet; and consequently,’ the eff@ctive-
ness factor can only be made if accurate valuegiof the
efﬁgctive substrate diffusivity (D) with%n immobilization

matrices are available. ‘
N

For inorganic porods chemical catalysts D can be re-

iated to ¢ .d;ffu51vt/pmqs the substrate in solution (D) by

a well-ej}dblxshed ég;relavxon (Satterfxeld, 1970) given by

o o

)

‘Equatiog’3.51. o ) )
“$’~ .;/
R g
€ e <
D = D - 3.51
e < s

where € 1s the porosity, and v is>the tortuosity of the

péréns support. 5 In the case of gel-entrapment matrices, o

fos

. . Q
and 1 cannot be directly determined (Pitcher, 1978;
) [o] -

Radovicg, 1985) and therefore'Equation 3.51 is of little N

use. Additionally, gel-entrapment matrices prepared from ..

biopolymezjsa.such as; aelginates,g;’:?; mechanically sweak when

compared to other solids.. Ther' '3233, conventional diffusi-

T

vity measurement technigques may not be suxtable to determxneg

Do in such immobilization supports and this problem has bgen \\“/

frequently cited as a mgjo:léimitation for predicting -the
effectivenegs factors (Bailey and Ollis, 1977; Pitchér,
1978; Brink and Tramper, 1986; Weatall and Pitcher, 1986).:

8
The need to develop a suitable experimental method of

Y
-

=
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measuring De in bioclogical gels used for cell immobilization

,is'théféfore readily apparent. 1In the follbying section, "

s

-

. the theoretical and pfactical cossiderations leading to ‘the

- .

development of a novel diffusivity measurement technique
will be discussed. ;
) oy .

‘

3.6 Measurements of Solute Diffusivities in Alginate

Gels: . Theporetical and Practical Considerations

<
* (O i

Steady-state or unsteady-state mass transfer  in éolids

immersed in dilute solutions may be’employed to directly

measure effeative solute dlffusiviiiqs (D;). Under

steady-state cqonditions, Fick's-lst Law providesDthe basic
RO : ‘ . -
. . . . r . N b
definition for De {which is assumed to be constant)
. . . ) . Q
N\ ': \. ‘ ' ‘ ¢

A

e P v .
- -) ' . - * v R B
s < - - "‘c" -]
P2 o . 4 -~
~v

_whers, J;ﬁs the diffusion induced flux in thecx-dxrectxon
"./ Q’ - * .

gl éné 3CS/3x is the solute concentration gradient in that. di-.
S ..

rection. A general form of Fick's 2nd Law which can be used
<. . ©
to analyze unsteady-sxate-diffusiop°1n symmetric solids
° ° X

i@me;sed in dilute seolutions,’is given by Equatiomn 3.53.

i -

| S . o a . g
[
0 o N
. n- -
3C ~ 1 : xo De BCS ‘
_dé s —_— —_ 3.53
3t v X Ix . 3% _l '
@

where N is either i1, 2 or 3 for an infigite slab, an in{i-
. y

nite éylinder or & sphere, respectively, and x is the dis-.

0

J = =D (3C./3X) . ' 3,52
e S :

.
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tance: measured from the center of the solid .iCranks, 197%).

3.6.1 Steady~-State Methods of Diffusivity Measurement

<

<

-

A cémmon method of measuring solute diffusivities in
solids and polymeric membranes is by using the d'aphgagm-
-diffusion cell in which two well mixed reservoir:\age.sepa-
rated by a thxn permeable disc or sheet (Cussler, 1984).
Using the solutlon to Fick's first law of diffusion, the De
value can be easily\calculat;a based on concentration chan-
ges that occur in thé“two half-cells after a time-lag.” How~
ever, with mechanically weak gels.such as alginates, pro-
blems associated with gel rupture and/or ieakage between thei
two compartmgnts limips the use'of this techni&ue1(White, ..

1960). As shown by Hanpoun and Stephénopoﬁlos (1986), this

_problem%is exacerbated when whole cells are entrapped within

tbe'alginate gel since the immofﬁlization procedure is asso-

ciated with a further deterioration in°the mechanical sta-® g

bility of the entrapﬁent matrix (seé Section 2.4 and Table ‘;3‘

<
A -]

2.2). ' . .
. _ | .

o . _Altefnati?ely, a cylindrical gel may be used with the

‘.vcapillaqy‘method or the diffusion cell. However, for sol-
utes wihh’iow D 'values;'it‘may take several days to obtaih

‘ a steady-state solute concentration profxle within the gel

-

and thetegore such txme lag tecRniques can be 1mpragt1cally‘

=)

olonq'(Cussler, 1984- Micb&’fé et al., 1963). Thus, the use®

.of unsteady—stxte techniques for measurxng D are generally

AR



préfefred (Geankoplis, 1972). )
Additionally, for certain types’Bf entrapment T{}riceé,
preparation of discs 6: cylindrical gels of uniform size and
shape for use in conventional diffusion cells can be diffi-
cult sinwe gélation-is frequenély associated with contrac-
tion'of the matrix (Spalding, 19§9). For instance, in the
case of calcium alginate, which undergoes synerisis during:
gel formatioﬁ (see Section 2.4.2), preparation of membranes
with uniform thickness can be a problem and consequently,
any inconsistency in,thé'membrane thickness introduces
serious erfgrs in the.measured values of De (Hannoun and
Stephanopouloa,-1986).

In viéw of the limitations associated with the use of
the diapbragm;diffusion cell, deéign-of a novel uns;éady-
stéte technique of measuring D_ which does not have dele-
terious effects on the”integrityﬂof the alginate entrapment
matrix even at High cell loadings, would be very desirable.
S;nce spherical alginate ,gels can be easily prepared and are
prefereritially used in immobilized cell bioreactors
(Margaritis and Merchant, 1984; 1987), equations describing
. unsteady-sta;e mass transfer’in a sphere are presented

-

below.
3.6.2 Uﬁsteady-State Diffusion in a Sphere

In order to develop suitable equations for determining

solute diffusivities in spheres using unsteady-state



-, (1) The solute is uhiformly distributed throughout
. the sphere at'time, t =0,
iii) Diffusion occurs radially outwards, there being
| no concentration variation with ahgular position
- and the physical properties (including De) of
h the sphere‘;re constant.
(iii) The external liquid film mass transfer resis-
tance is negligib}e.
(iv) As in Equations 3.52 and 3.53 the density of
‘ the liquid phase is assumed to be constant.

-~
|

Equation 3.54 is a mass balance for unsteady-state

e

diiffusion of a solute in a sphere using the spherical co-

ordinate system shown in Figure 3.11.

. . 2 v
aC 3°C 23C
S
" —= = o, 52+ —3 3.54
at ar rar

~

The final solution of Equation 3.54 dep®nds on the initial

. and boundary conditions as discussed below for two different
9 .

. cases, namely, when the sphere is immersed in an infinite

*

. . B .
liqﬁﬁd vplume, and when the volume of the liquid is finite.
. . o :

- ’

3.6.2.1 Case 1: Sphere Immersed in an Infinite Liquid

_ Volume

——

If we consider a single sphere containing the solute,

»

-




. ¢ v -
' - 2
-
-
' . N
L]
. L
. b J
.
-
> .
»
i P
’ 3
-~ O
] .
!
. L " N
'
L1
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Cs-'-‘f(f',t)

CQSE 1: CL= consTANT
CASE 2 : C,= f(t)
- :

{

8S



immersed in an infinite liquid phase, then based on the
assumptfons stated earlier, the initial and boundary condi-

tions are as follows:

t =0, 0<€r < R, CS = constant I.C. 1
t =0, r >R, CL = 0 I.c. 2
SCS
t >0, r =20, = 0 . B.C. 1
ar
. , [ 4
t >0, r =R, CS = CL = 0 B.C. 2

The solution of Equation 3.54 using the above initial

and boundary conditions gives the function C_(r,t). Integ-

S
ration of this function throughout the sphere gives Egquation

3.55 (Skelland, 1974).

‘ i 1 Den?‘nzt
n2 R2

n=1"

ol
nowe
|
:iN|0\

where C: and Cg are respectively, the average solute con-
centration in the sphere at time £, and the initial solute
concentration in the sphefe. The total amount of the\bolute

leaving the sphere is given by Equation 3.56,

t
‘Mg

6 = 1 [ Denzwzt]
—_ == 1 - - — exp.}- 3.56
g 1r2 E n2 ;2 | '
i , n=1

=

89
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90
where M;/Mg is the ratio of the amount of solute remaining
at time, t, (Mg), to the total amount of solute originally ~
present in the sphere (Mg). Similarly for tﬁe ca;e when the
sphere is initially free from solute and the solute diffuses
into the sphere from an infinite liquid source, the solution

to Bquation 3.54 is given by Equation 3.57.

6 = 1 Denzﬂzt
= 1 - ~5 exp |-~ ——— 3.57
’ ,,?Z E a2 R2

n=1

X
1 Was

n 8

a
where ﬂg/ﬂ; is the ratio of the amount of solute in -the
]

sphere at time t, to that at infinite time at equilibrium.

3.6.2.2 Case 2: Sphere Immersed in a Finite Liquid Phase

2

Whén a single sphere containing the solute is immersed

in_a well stirred liquid ggpse of limited volume initially

~
-

free of the solute, then the initial and boundary conditions

.
s’

are as follows: 1-

—t
=0, 0<r <R, Cg = constant I.C=—T
t=0, r>R, C = 0 I.c. 2
”» I3
3Cg
t > O' r = 0' — = 0 B-C 1
ar
acC aC
t>0 r=gR, V. % = Kp Ag D, ; B.C. 2
at ’ ar r=R
[ ]



Assuming a linear equilibrium relationship, a solute
partition coefficient of unity and rapid equilibration of
the so%ute between the sqlid,suiface and the lﬂquid phase,
then the concentration of the solute at the sufface of the
sphere (Cs at r = R) is the séme as that in the solution
which changes as a function of time i.e. CL = £ (t). How-
ever, if Kp is not unity, then CS (at r = R) 1s given by

Equation 3.58 (Cranks, 1975).

Ce (R,t) = Kp €, (e} : . . 3.58
The boundary condition 2 expresses the fact that the

rate at which solute 1e;6es the surface of the sphere (area

= As) is equal to that whrich enters the liquidéphase of

volume, V . According to Crank$ (1975), the salution of ’

Equation 3,54 under the above initial and boun@ary condi- «\\\

tions is given by Equation 3.59,

M{ €a (l+a) . [\ De qi t}
— =1 - " exp |- —— 3.59.
ML 9 + 9o + azqi ,

n= .. -

where ME/M; is the ratio of the amount of solute that Q@s

entered the liquid phase at time t,'(M;), to that which

would be transferred into the liquid phase after infinite
? [ 4 .

time (H:). ‘ . " ' v

Similarly, for diffusion of the solute from a well-

~

stirred liquid phase into a spher® initially free of the

- T -



t=90, 0<r <R C = 0 I.C. 3

t =290, r> R, C = constant I1.C. 4

and the solution of Equation 3.54 with B.C.1 and B.C.2 is

given by Equation 3.60

x©

me 6a (l+a) D, qi ¢
= =1 - — - exp |- =—— 3.60
Hs bn= 9 + 90 + a qn R'

In Equations 3.59 and 3.60, a is defined as the ratio

of the volume of liquid phase (V. ), to that of the sphere

L
volume (V_), divided by the parqitfon coeffficient (Kp), and

is expressed by gquation 3.61, | : .-
' 3V e -
- -L‘ * ' ‘
°.= -—-—-3——— * . - 3-61
4 " R” K_- ' ‘ :

4nd qn's are successive, non zero, positive roots of the
- . ‘.

function’
. 3 qn . - 63
tan q = —D2 - 3.
. 3+ aq . N

-

The value a is fixed for a given set of experimentél

» *



s
conditions (VL, Vs and Kp are all constants) and therefore
q, values may be determined for as many terms as desired.
. - 4
Since,
- 2 _ ) .
tan q_ - Eqn/(3+aqn)] = 0 3.63

the zeros of Equatlog 3.62 may be seen as intergections of -
fl (qn) = tan q_ and f2 (qn) =.3qn/(3 + ag,) as shown in
Figure 3.12 in which a is taken to be 4.0.

From the above, two M fferent sets of initial and
boundary conditions can be considered in deriving equations
for unstéady-state mass transfer.in spheres. The first, and
simpler condition of Case 1 described by Equations 3.56 and
3.5f involves the assumptio; of a perfect sipk or a constant
external solute concentration. Rigorously,»this can only
allow an approx;mate evaluation of De since there has to be
some. concentration change in the liquid phase to make the
.solute uptake, or‘release, observable. Therefo;;. a reliable
Dg value can only be 6btained if the s@lute content wi%hin
the solid phasé is directly measured as a function of time.
Additionallf, the validity of the "perfect sink" assumption
becémes especiélly questionable wheneverithe liquid phase to
sphere volume 1is ;mall, or if the partition coefficient of

the solute in the solid phase is high (Lee, 1980).

If the ' sphere is suspended in a limited volume of

solution, as in Case 2, then the change in concentration of

the solute-in the liquid phase as the solute Jdiffuses into

® -




Figumﬁ
. 1'
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The functions f (qn) = tan q_ .—— and f

1 2
(qn} = 3qn/(3+aqi) (---> are plotted versus
q, {radians) when a"'= 4.0. The successive,
non-zero, positive roots of Eguation 3.62 are

represented by the intersections of £, (q))

" and f2 (qn).






or effuses out of the sphere, éan be easily measured, which
is much simpler than directly measuring the amount of soiuté
in .the solid phase (Carman and Haul,-1954). Therefore, for a
well-stirred solution of limited volume, the concentration
of the solute in the liquid phase depends-oyly on.time and
b§ using the appropriate Equations (3.59 to 3.62), De can be
accurately evaluated (Cranks, 1975). This met‘od has a dis-
tinct advantage, in that, both, D.e and Kp can be deter@ined
from tﬁe same diffusion experiment. Numerical and graphical
solutions for determining De in geometries ofjher than the

sphere are available in the literature (Cranks, 1975; Ma and

Evans, 1968; Schwartzberg and Chao, 1982).

3.7 Research Objectives

Glucose has been preferentially uti¥ized as a primary
caroon- and energy-source for the production of amino acids
(glutamic ac ,_L-isoleuéane, D:threonihe), anttbotics
(streptomycin, pencillin), organic.acids (citric acid, lac-
tic acid, gluconic acid), organic solvents (acetone, butanol
ethanol, propanol), and a miscellany of other products
(hydrogen, nucleic acids, vitamins, etc.) using alginate-
entrapped cell systemé (Linko.and.Linko, 1984). Thus, a
detailed study of the diffusivity characteristics and parti-
tioning of the substrate glucose, in alginate-entrapment

matrices is warranted and forms the basis of this research.

More spécitically{ the objectives of this research can be

~

{
{
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summarized as follows: -

(1) To develop a novel unsteady-state diffusivity

R J

ollowimy criteria: ¢

(ii)

(a)

(b)

(<)

{d)

(e)

<

asurement technique which fulfills the

Q

excellent mixing characteristics,
negligible film mass transfer resistance,

retention of the structural integrity of the
alginate entrapment matr%f even at hidglcell
loadings,

simplicity of the method, ané,

accuracy in determining solute concentration

changes in the liquid phase.

&

Based on the physico-chemical properties of

alginates (Chapter 2), the following factors were

examined for their influence on De and K

-

of glucose:

(a)
{(b)
(c)
(d)

(e)

composition of sodium alginate (M/G ratio),
degree of polymerization of alginate,

concentration of alginates,

type of chelating agent used for gelation, and

concentration of chelating agent.

(iii) To evaluate the effect of entrapped yeast cell
\

concentration and temperature on the diffusivity

and partitioning characteristics of glucose.

o
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, (=}
(iv) Develop suitable correlations for predicﬁing De of

glucose in alginéte entrapment matrices as a
o :
function of the parameters listed in (ii) and

<

(iii). °

1
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o CHAPTER 4 . -

MATERIALS AND METEODS

~

-

4.1 Type and Composition of Sodium Alginate
‘

N

A total of 16 differeﬁt highly purified commercial
gradés of gsodium alginate were kindly supplied by various
rrtanufactu’:rs. The moisture conténtf of Na-alginate was de-
términed by drying approximately 2 gms of the powder to con-
stant weight ii 105°c. A laboratory grade of“purified Na-
alginate (Fisher &hemicals) was also bsed in these studies.
The guluronic acid and moisture content of all the sodium
alginate samples are listed in Table 4.1.

4.2 Rheological Properties of Na-Alginate Solutions

Tpe'rheological properties of aq&eous Na-alginate
solutions give important information regarding ¢he size of
the linear alginic acid polymer (McDowell, 1977). Aqueous
solutions of Na-alginate generally exhibit non-Newtonian,
pseudoplastic flOW‘behaviour in which the fluid undergoes
shear thinning over a wide range of shear rates'(te Bokkél,
i983). However, as shown by McDowell (1966; 1977), dilute
Na-alginate solutions (€ 1 g/100 mL) exhibit Newtonian type’

of flow behaviour at low shear rates (< 25 s~1) and this

-

phenomenon has been used to develop some useful correlations

.
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Table 4.1: Composition of Different Types of Sodium

Alginates Tested (NA = not available)

Sam- Trade Name Manufacturer Approxi- Moisture
ple mate
Guluironic Content
No. Acid Con- :
* . ‘ tent, (%) (%)
1 Manucol LB Aiginatg 428 11.5 _
: 2 Manucol DM {:gUStrles 428 12.6
3 Manugel HG London, _ 44° 10.0
4 . Manugel GMB England 67° 12.5.
5 Manugel DPB - 71% 11.0
6 ‘Manugel DJX. . , NA . 11.4
7 Manugel DMB NA 10.4
8  Manugel GHB . _ NA 13.5
9 Kelco Gel LV Kelco, Div. " 402 16:0
. : of Merck & a
10 Kelco Gel HV co. Inc.. 4oa 14.8--
11 Keltone * San Diego, CA 40 17.2
12  Protanal LF 20/60M Protan A/S, 40® 14.6
. . ° Drammen, : b
- . 13. Protanal SF l?OM Norway 40b 14.3
14 Protanal LF 10/4088 55 15.8
15  Protanal LF 10/60 70P 15.2
16  Protanal SF 120 70P 12.9
17 Laboratory, grade® NA NA 13.6
(a) Personal communication: Dr. ‘A.P. Imeson, Kelco/AIL In-
ternational Ltd., London, Endland (25 January, 1985).
(b) From technical supplements provided by the manufacturers.
(c)

Purified sodium alginate powder supplied by Fisher
Chemicals Ltd. ) .

. .
. * ., .
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to estimate the size of the linear Elginate poliymer (Donnan
Praunn
and Rose, 1950; Cook and Smith, 1954; Smidsrod and Raug,

1968a).

-~

According to Smidsrod and Haug (1968a), the average
molecular weight, MW, of Na-alginate (determined by light-

scattering methods) can be predicted by the correlation,

LY = (2.0 x 107 MWW | 4.1
N\

-"
L d
L ]

-

where [y} 1s the intrinsic viscosity of agueous Na-alginate

solutions (at 20°C),and is defined by Equation 4.2.

»
' u_ -1 u -
" ful .= 1lim 3 = 1im -2R 4.2
c-+0 c c—+0 c '

where c is the concewtration of Na-alginate (% w/v, dry
weight basis) and u_ is the relative viscosity of the

pofymer solution at that concentration. The latter is ex-

pressed‘by Equation 4.3,

Mp T “alg/uHZO 4.3
and “sp is the specific viscosity of the Na-alginate solu-
tion and is defined by Equation 4.4

sp (Ma1g™ Yy

\ =
[

0)./UH O : I 4.4‘

2 2
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In Equations 4.3 and-4.4, ualg and uﬁzo are the respective
viscosities of the Na-alginate solution (at low shear raE;s)
and water, measured at 20°C.

A difference between the viscosity of agqueous Na-
alginate solutions can be caused by different amounts of
multivalent cations. (e.g. Ca2+) present in the two alginate
samples and not only by the variation in their molecular
weights (Haug and Smidsrod, 1962). Therefore, in order to
eliminate the influence of these cations on the measured
values of [y, and consequenﬁly molecular weight estimations,
all viscosity measurements (geé Section 4.4.2) were‘%arried

out using dilute Na-alginate solutions prepared in 0.1M NacCl

as suyggested by Haug and Smidsrod (1962).

4.2.1 Intrinsic Viscosity of Dilute Na-Alginate Solutions

o <

The influence of polymer concentration on the relative

viscosity of dilute Na-alginate solutions was examined by

-Haug and Smidsrod (1962) usiné alginates with different

values of the intrinsic viscosity (see Figure A.l., Appen-
di§ A). Based on their experimental ﬂata,'n model equation
(Equation 4.5) was developed (see Appendix A, Figure A.1l,
A.2, A.3, apd T?ble A.l) to facilitate estimation of £he
intrinsic_giscosity; (u]l, from the measured‘valueglof the

-

polymer concentration (c), and the specific viscosity, usp

of a dilute Na-alginate solution (c < 1.0g D.W./100 mL).

Thus, using the least squares meghod,.the experimental data

.
-

10.
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of Haug and Smidsrod (1962) were found to fit well (Figure

A.2, Appendix A) with the model exponential relationship :
(Equation 4.5) and as shown in Table A.l1 (Appendix) the co-
efficient of determination was > 0.99. Accordinglyfjthe

model equation (4.5) is written as, -

Lu. exp (bc) 4.5

s
~

where b 1s expressed by the linear relationship (see Figure

A.3, Appendix),

b = 1.03 + 0.237y° 4.6

and the correlation coefficient was found to be 0.9983. As
shown in Table A.l1 (Appendix), the estimated values of [u]
obtained by using Equation 4.5 were similar to the experi-
mental data reported by Haug and Smidsrod (1962). Equation

4.5 can be rewritten as,

- 2B = [,] exp(l.03c + 0.23{ule) 4.7

4
~
c

¢ -FOr comparison, the experimental and predicted values of (U]

¢ -

are shown in Figure A.3 (Appendix).
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4.2.2 Viscosity Measurements .

The 'viscosity of dilute Na-alginate soluwtions were
measured using the Brookfield Synchro-Lectric (Model LVT)
viscometer (Brookfield Engineering Laboratories, Stoughton,
Mass.), Essentially, this viscometer measures the.torque on
a tota€TE§ cylindere(available in different sizes) which is
proportional to the drag offered by the fluid. The drag is
detested as a strain on a precalibrated spring which regis-
ters as 3 deflection on theQZial. The detailed operational

procedures of this viscomet are given elsewhere (van Wazer

et al., 1963). ‘
The cylindrical spindile was immersed in Na-alginate
solution (400 mL) and rotated at different speeds. The

shear stress, T’ at the cylindrical wall is given by,

where, Lc and Rc are the respective lengths and radii of the
- u
various spindleé, Tw is the force acting on the surface of

the cylindrical wall which is expressed by Equation 4.9.

where k is the torque at full scale deflection (for model

LVT, k = 673 dyne. cm), and x is the measured deflection on



an ‘

the dial.

The shear rate, Y, is defined by Equatiom 4.10.
]

Y = 1. /% ' 4.10

For different cylindrical spindles rotated. at eiﬁaef 6, 12,
30 or 60 rpm, the shear fate wds- determined by calibrating
the meter (Figure A.4, Append;x) using Newtonian fluids of
known viscosity. .
All viscosity measurements of dilute (c < l.Og)lOOmL)
Na-alginate sclutions prepared in agquedfus 0.1 M NacCl we;e
determined at room temperature (25°C + 1°). As shown in
Figure A.S5S (Appendix); the viscosity of all dilute Na-
alginate solutions did not change éignificantly with éhe low

1 to 18.6 s used in these measure-

shear rates (1.43 s~
ments. The viscosity at 20°C was determined by applying the
appropriate correetion factor (tabulated by McDowell, 1977)

to the measured values at 25°C.

-
‘.

4.2.3 Estimation of the Average Molecular Weight, MW, of

Na-Alginates

-

From‘the known concentfétion of different alginate
solutions and their respective viscosities at 20°C, the in-
tringic viscosity [u] was~deFermined by applying Equationl
4.7. Using th% correlation (Equation 4.1) of Smidsrod aqd

Haug (1968a), the average molecular'weight,(ﬁi), of all 17

v .
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different types f Na-alginates were calculated and the

nvalues are listed in Table 4.2.

-

4.3 %reparation of Large Spherical Alginate Beads

The novel diffusivity measuring apparétus designed for
use in this -study (described in Section 4.7) can only employ
large (# 1 cm in diameter) spherical alginate beads. Con-
ventional methods of preparing alginate gel matrices usually

result,Lkggpherical beads of up to 0.3 cm in diameter

‘- K ) - ’

(Tana¥as@k al., 1984). A special method was therefore de-
veloped to prepare larger spherical beads of alginates with

or without entrapped yeast cells.

4.3.1 Preparation of Cell-Pree Alginate Beads

©

A 2% (w/v) solution of purified Na-alginate (Fisher
Chemicals, Sample $17) was prepared in deionized distilled

water and a large drop of this solution was poured into a 4%

(w/v) CaCl.2 gelling bath containing a top-layer of olive

pil. By virtue of surface tension effects, tﬁe drop of Na-

alginate solution attained the spherical shapé in the oil

phise. Mild agitation using a magnetic stir bar facilitated

. the transfer of the Na-alginate spherical drop from the oil

phase to the CaCl2 phase where gelation occurred. The re-

sulting Ca-alginate bead was removed from the bath, rinsed"

. with several volumes of distilled water and placed in excess

C ‘

Pwe

10



Table 4.2:

Estimated Values of the Average Molecular Weight

-

of Different Types of Na-alginates

Na-alginate Na-alginate usp/c Intrainsac Approximate
Sample # conc., ¢, at 2qfc,c Vlsff?fty' M2§§§3§;£
(g.D.W/100mL) (1l00mL/g) (l00mL/g) Weight, MW

1 0.885 7.98 2.1 105,000

2 0.874 185 10.0 500,600

3 0.900 175 9.6 480,000

4 0.875 347 12.2 610,000

5 0.890 380 12.3 615,000

6 0.886 82.9 7.4 370,000

7 - 0.896 122 B.S 425,000

.8 .. 0.865 34.0 5.1 255,000

9 . 10.840 28.5 4.8 240,000

10 -z £ 0.852 230 11.0 - 550,000

1 ' % 0.828 139 9.6 480,000

12 =Y 0.854 "104 8.4 420,000,

13 50.857 335 12.3 615,000

14 .843 29.7 4.9 245,000

15 70.848 29.8 4.9 245,000

.16 0.871 207 10.4° 520,000

B 17 0.864 435 13.1 655,000
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4% CaCl2 solution for at least 48 hoursgior géfétion to be

complete. Uéing this technique, spherical Ca-alginate beads$

of up to 2 cm in diameter could be easily prepared.

4.3.2 Entrapment of Viable Yeast Cells

Approximately 10 g of dried baker's yeast was suspended
in 100 mL of sterile physioldgical saline solution for about
1l hour. Using the methylene-blue test, yeast cell vxabxiity

was found to be greater than 90 percent. The yeast cells

were centrifuged at S000 g for 10 minutes, washed and resus-

. ’ .
pe d in distilled water. The procedure was repeated twice

to ensure complete removal* of sugars and other scluble nut-
rients present in the dried yeast powder.

To 100 mL of the;viable yeast cell suspension, 2.0 g of
Na-alginate (sample #17) was added a stirred for app'rcl:xi—
mateiy io minutes to ensure complete dissolution of Na-
alginate. L&rgg, spherical Ca-alginate beads containing
entrapped viable yeast cells were then prepared as described

abowe (Section 4.3.1).

4.3.3 Entrapnent‘of.NQnAViable Yeast Cells
. . .
Approximately 2, 4, 6, 8 and 10 g portions of dried

baker's yeast were sqspended in. 100 mL aliquots of S0% v/v
ethanol for lo_minutes. Staining with methylene-blue showed

that cell death was complete without lysis of the cells.



The non-viable yeast cells were centrifuged and washed three

E;mes, and finally entrapped within large spherical beads of

Ca-alginate, as described above. .
i The(Q;:erical shape of a typical Ca-alginate bead used

in the diffué}on apparatus is shown in Figure 4.1 in which a
single béadﬂﬁas been photograpbed from various angles. Fur-
thermore, as shown in Figure 4.2, large Qpherical glging;e

beads could also be” prepared using digferent types and con-

~céﬁ'tra_\tion of Na-alginates (Figure 4.2a) even when entrapﬁ—
ing a*high concentratiom (118 kg D.W. cell§4§3'§f;'el) t@J'“

. X ,

y;;EE\Qsl}s within the alginate gel (Figufe 4.2b).

4.4 Determination of Bead Volume and Diameter

The bead volume (VSL was determined by measuring the.

o

disptaced height (h) of distilled water contained in a tube
of known ‘inside diameter (dt) when the alginate sphere was
immersed in it. An expanded scale half-meter cathetometer

(The Precision Tool and Instrument Co. Ltd., Surrey, Eng-

S

land) accurate to + 0.0l mm.was used to accurately measure

the displacement height enablipg the spherical bead volume

.1/3

(vs = wdih/4) and its diameter (ds = rSvs/ﬂ ) to be

evaluated. At least five measurements were made with the

same bead to minimize the stamdard error in volume measure-

ment, which was less than + 0.5%. ‘

In view of the large size of the alginate beads, it was

possible to directly measure the bead diameter using cali-
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Figure 4.1:

Photograph of a single Ca-alginate bead taken
from four different angles showing the spherical

shape of the bead.






Figure 4.2: (a) Photograph of wvarious cell-free Ca-alginate

.

beayds prepared using different types ana

concentration ¢f Na-alginate. .

-

Figure 4.2: (b) Photograph of Ca-alginate beads prepared
. |.' )
from 2% Na-alginate solution, with or without

entrapped yeast cells )
(A) Cell-free Ca-alginate bead
(B) Ca-alginate bead with entrapped yeast

cells (cell concentration = 118 kg

D.v:./m3 of gel)

4 <
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pers or a micrometer. In addition, the diamgter was also
measured from photoéraphs of a single alginate bead (Figure
4.1). The bead diameter measured by these two direct me-
thods agreed very well with the diameter calculated from the
measured volume of the sphere using the displacement tech-

nique. i ‘

4.5 Determination of Alginate Concentration in the Gel
As discussed in Section 2.4.2, synerisis associated
with gel contraction, occurs during the gelation process and

consequently, the alginate polymer concentration in the gel

. will be higher than that in Na-alginate solution. The ac-

tual alginate concentration in the gef was therefore deter-
mi ned as,dgscribed below{
The volﬁme of a gpherical alginate bead (Vs) was .
determined using the displacement technique and the wet
weight of that bead measured (W) . Subsequently, the dry
fgight (wd) of the same bead was also determined by drying
the gel to constant weight at 105°C. From these three
measurements, the bead density (o, = ww/vs) and alginate
concentration in the gel were calculated. The latter was
expfessed either in terms of the bead volunte (cg = wd/vs; kg

‘D.W. of alginate/m3 of gel) or as a fracﬁiqn of bead wet

weight (w = wd/ww, }g dry gel/ kg wet gel).

Knowing the amount of water imbibed in the gel (wh =W,

- Wd) and consequently, its volume (Vh = wh/Dh), the

11
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fractional void volume ‘(¢ = Vh/VS) and.polymer -volume
fraction (A = 1 - €) could be evaluated.
The specific volume, v, of the alginate polymer in the.

!

gel is then given by Equa&ion 4.11 (Rabek, 1980).
NE

4.6 Determination of Yeast Cell Concentration in the Gel

As above,. the entrapped yeast cell comrcentration in the
"Ca-alginate éel (prepared from sample #17 for all cell im-
mobilization studies) will'be_higher'thin that in the Na-
alginate/yeast qglL suspension. '%simé a be;d of known
volume (Vg the ygt weiéht (ww) and dry weight (Wy) of the
alginate gel .containing yeast céils was determiped as above.
In this case,'the éry weight of the beéd (wd) corresponds to

ts
nate). The amount of water. in the gel (W '= W - 3ts?' its

the total amount oY solids (W__) in the gel (cells + algi-

volume (Vp = h/oh) and- the fraétional void volume (e
Vh/vs), were calculatea_as Peforé and the solids concentra-
tion in the gel (Cts =‘wts/vs) also determined.

In order to deterdiné tﬁe concentragion of the cells in
the bead the fo{lowiné procedugé was foilowed. A bead of
predetermined volume and wet weight ;gs‘sliced into small
pieces and ﬁixed_with approximately 10 mL-of 160 mg/mL ‘
pentasodium tripolyphosphate solution. After approximately

2 hours complete dissolution of the gel was achieved. The




resulting mixture was then filtered under vacuum through a
tarred 0.22 um filter paper which was subsequently washed

with several aliquots of distilled water. The filter paper

\

was re-dried to constant weight and the amount of cells (W
Ve
in the bead, determined. When the same procedure was ap-

)
X

plied using a celllfree Ca-alginate bead, there wasn't any
noticeable increase in the dry weight of the filter-p;per
indicating that the alginate polymer wWas not retained or
adsorbed by the filter-paper.

Knowing the cell concentration (¢, = wx/vs) and the
total solids concentration, C,qr the concentration of
alginate (cg = - éx) could also be determined. Using

ts
Eduation 4.11, Ehe alginate volume fraction-( X ) in the
cell-entrapped Ca-alginate bead was calculated since;values
of the alginate weight‘fraction (w = cg-vs/wb)' bead density
(Db),'and specific volume, v, of alginate (determined as

described in Section 4.5) were all known. The volunie

fraction of entrapped yeast cells, B, is then given by

o

4.7 Description of the Diffusivity Measurement Apparatus

The apparatus used to measure the'diffusivity of glu-
cose in spherical alginate beads is shown in Figure 4.3.
The algiﬂate bead was held in place by two adjustable stain-

less steel fine wire loops which were mounted to a rod. (FPig-
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ure 4.3b} connectéd to a variable speed motor. The spheri-
cal alginate bead could then be immersed and rotated in a
glass tube containing.the liquid phase and the temperature
maintained at the desired value (+ 0.02°C) using a thermo-
statically controlled refrigerated water bath. The diffu-
sion vessel was covered with a teflon cap equipped with.
,iﬁner and outer.o-ring seals as shown 1in Figufe 4.4.

Samples of the liquid phase could be withdrawn (using a 10
uL Drummond micropipette) through a Q{ngle sampling 20Ljs1n
thg teflon cap, which remained tightly plugged by a piece of &
stainless steel wire when not in use. Even after 6 hours,
the temperature in the liguid phase was not more than 0.15°C

higher than the“temperature of the water bath.

4.8 Measurement of Glucose Concentration’

At least five different methods may be used to measure

3

glucose concentration changes -in the liquid phase as a
function of time. The sensitivity of some of the methods,
based on the lowest detectable concentration of glucose, are \

listed in Table 4.3.

s}
It is eqident'that the radiotracer methoda(described in

b=

Section 4.9) is the most sensitive and conseqdently requires
only 3 ul of the sample to accurately measure its radio-

activity. The relatively lower sensitivity of the other

methods requires much larger sample volumes to be withdrawn

from the Lliquid §hase. Due to the small size of the




Figure 4.3: (a) Photograph showing the various components

- ' of the diffusivity measurement apparatus

when unassembled. -

Figure 4.3: (b) Photograph of a fully assembled novel,

diffusivity measurement apparatus used in
o

th¥s study.







Figure 4.4: Schematic diagram and dimensions of the novel
- [ 4 .
é;paratus used to measure solute diffusivity in

a spherical alginate sphere.
1. Rotating stainless steel rod (diameter =

0.48 cm; length = 25 Em):,
<® - - s

2. Teflon cover ‘with inner and outer O-rings;

3. Cylindrical glass tube (inside diameter =

'2.26 cm; height 4.83 cm);

.- 4, Stainless steel poiding wires. (wire thick-

ness = 0.5 mm);" .

5. Liquid phase (volume, V. = 4.0 mL);

6. Rotating spherical aldinate bead: -

7. Constant téﬁbgrature'hater bath.
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method using C

glucofe (see Sec-

tion 4.9 for
details)

Table 4.3: Sensitivity of Different Glucose Measurement
Technigques )
Sensitivity:Lowest
Method detectable conc. Reference
of glucose
{mg/mL) .
Glucose analyzer 0.5 Yellowsprings
fcientific Ing-
o truments, Ohio
Dinitro-saliecylic 0.1 Miller, 1959
acid methed -
Somogyi-Nelson 0.01 Somogyi, 1952
method )
Glucose oxidaée 0.02 Bergmeyer and
method Bernt, 1963
Glucostat method 0.0025 Worthington Bio-
: chemicals dnc.
U. S. A.
‘Radiotracer 14 This work
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diffusion apparatus and low liquid phase volume,shse of
non-radioactiverglucose measurement techniques are therefore
not practical. Furthermore, the high sensitivity of the
radiotracer method ;llows up to 30 to 40, 3 uL sampled to be
withdrawn during the course of the experiment without
causing significant changes (+ 1.0 to 1.5%) in the liguid
phase volume.

14

4.9 Diffusion of C" -Glucose into Spherical Alginate Bead

The labelled solute used in these studies was D-

:l4C () "-glucose obtained from New England Nuclear Corpora-

Ation. The 14

C radionuclide exhibits B-type of decay and is,
very stable with a half-life of 5730 years. The radiocactive
glucose solutiqn in ethanol/water (9:1 ratio, volume basis)
héd a specific activity of 329 mCi/mMol. TennuL of this
solution was placed in the glass diffusion tube and the -
ethanol evaporated by a stream of nitrogen gas. Unless .
otherwise stated, 4 mL of a 20 kc_;.m-3 agueous 'coid' gldcose.
solution was added to‘the tube and the‘contenls équilibrated
at the temperature of the diffusion experiment (usually 309
except when studying the influence of temperature on De). f
A single alginate bead, prepared‘as‘dégcribed 1n Sec-
tion 4.3, was rinsed and equilibrated in distilled water at
the temperature of the experiment, for at least 2 houré be-

fore initiating diffusion. After equilibration, the bead

(which was already mounted to the shaft) was removed from




distilled water and all the excess liquid film withtdrawn
from the bead surface by suction using a 10 uL micro-
pPipette.,

At time t = 0 min, the bead was immersed into the
radiotracer solution and rotated at approximately 550 rpm.
Three uL samples of the tracer solution were periodically
withdrawn and dispensed into a 20 mL counting vial to which
10 mL of the scintillation fluid (composition : 4 g Omni-
fluor, 1000 mL ;oluene, and 800 mL ethyleneglycol mono-
methylether) was added.

The concentration of labelled solute in the liquid
phase (CE) was measured by counting for S5 minutes using a
scintillation spectrometer (LKB Wallac, Model 1217 Rackbeta)
and the total amount of the tracer remaining in the liquid
phase (Mi) palculated. By a simple mass balance, the amount
of solute entering the head as a function of time (Mé) could
be also calculated. The»diffusion process was allowed to
proceed until no further change in the ligquid phase solute
concentration occurred (i.e., CE = Cz) as measured by the
scintillation spectrometer. The fractional uptake of the

solute (M;/H;) was calculated and plotted as a function of

time. . N

-

4.10 Bt:I:ion of Cl‘-Glucose out of Spherical Alginate
4 ,

At the end of the diffusion process, tqﬁ egqyilibrated

]
-
»
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alginate bead was removed from the tracer solution, and all
the excess liquid film withdrawn from the bead surface. The
bead was then immerged in 4.0 mL of distilled water main-
tained at the desired temperature and the sphere rotated at
approximately 550 rpm. Three ul samples of the liquid phase
were periodically withdrawn and the traéer concentration
(CE) determined as before, except that the samples were
counted for 20 minutes. The total amount of the tracer én-
tering the liquid phase (Mt) was calculated and the experi -

L

ment terminated when Ci remained constant (i.e. CE

The fractional release of the solute (ME/M?) was computed

- CL).

and plotted as a function of time. The initial amount of

the solute in the bead (Mg) during the effusion process was

assumed to be equal to that in the bead at the end of the
diffusion process (M;). Thus, the amount of tracer re-

maining in the bead at any given time (Mg) could be easily

calcuiated by a simple mass balance.
3

4.11 Determination of Equilibrium ‘grtition Coefficient

The equilibrium partition coefficient, Kp, of glucose
in spherical alginate beads was determined knowing the-equi-

librium tracer concepntration in, both, the sphere (C;) and

= -3

the ligquid phase (CL

), since Kp is defined by Equation 3.1.

.

4.12 Ad;lysis of Experimental Data
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Pigure 4.5 is the flowchart for the computer program
(DIFPREP) used to calculate the fractional solute uptake
-(M;/M;) 4nd release (Mi/ﬁz) rates during diffusion and effu-
ston, respectively, from measured experimental values and
known constants. Detailed calculation steps used in the
computer program and the definitions of the various terms
listed in the flowchart, are given in Appendix B.l. A typi-
cal computer output for DIFPREP based on actual experiméntaf

data is given in Appendix B.2.
4.13 Determination of the Effective Solute Diffusivity

The optimum De values were determined by fitting the
theoretical predictions from Equations 3.60 and 3.59 to the
experimental solute uptake and release rates, respectively,
by varying the value of De using a non-linear regression
analysis program. This computer program (DIFFIT) used a
subroutine package called ESOP (éngineering Systems Optimi-
zation Package) to optimize the experimental data (stored in
the input program created by DIFPREP) to the'supplied model
(Dickinson, 1982).

This optimization procedure cycles orthagonal line
searches along preferred diréc;ions, which were selected
from a table of best cases. The computer program DIFFIT
.also performed a sensitivity analysis providing us with in-
fofmation on the change of the objective function in the

tregion of the minimum as a function of the decision vari-

,




Figure 4.5: Flowchart for the computer program (DIFP )
used to calculate the fractional solute uptake
. or release rates from the user entered experi-
mental measurements and constants. The DIFPREP
program also prepares the input files for the

DIFFIT optimization package (see Figure 4.6).




Prompt user and read experiment
type: <D>iffusion or <E>ffusion

er of data points *

ea en

in
(N ), and the experlmental values

(t, mL) and known constants (mL

o o
VL' S’ L' V- ts' ML (or Hs), Kp

— T T

~—>< Evaluate for all experimental valueg::>

'L

: f t t t t t
S-E, Vi, Cp, M, Mg, Cg Co/Cp
a, M; (or Mz), M / (or Mt/Mé)

* Note:

- 1
ﬁnte DIFFIT input file /
- 7

t t .
////?th Cr» Cg vs tlmej///7

' : tit
é///’Plot CS/CL vs tfme////?

S

Detailed calculation steps and definition of all

terms aye given in Appendix B.l. -
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ables.

[ o

The q, values in Equation 3.59 and 3.60 defined by

Equation 3.62 were determined using Newton's method.

The

first 25 terms of the series were evaluated, and found to be

adequate, when fitting the theoretical prédictions to the

experimental data. A flowchart of the program DIFFIT is

shown in Figure 4.6.

The experimental data were also compared to the theo-

retical values by determining the percentage

cording to Eguation 4.13.

__N
Y t,,,> t >
(M /n-)eEp (-1 )Pred
$ , T
(M~/M )pred
Deyiation =, n=1
. I n-1

where N is the number of experimental points,

scripts

'exp' and 'pred’

deviation ac-

1/2

il |

x 100

-

and the sub-

.13

refer to experimental and predicted

values of solute mass ratios, respectively i —A_typical com-

puter output for calculating D using DIFFIT is given in

Appendix B.3 based on the ex‘erimental data given in Appen-

dix B.2

4.14 Determination of Solute Concentration Profile Within

(DIFPREP).

..

a Spherical Alginate Bead

-~

éor,diffusion of solute into a spherical bead, the

-
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Figure_4.6: Flowchart for the cdmputer program DIFFIT
whichtuses the input program created by
DIFPREP (see Figure 4.5) te fit the expe}i—
. mental datd to the diffusion model (Eguations
3.59 and 3.60). Using the ESOP optimization
- packége written by Dickinbon»k4982), the opti-

mum effective solute diffusivity, De.is cal-

-
V

. . culated.
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. [}
rompt the uses for name of the
input file to basprocessed. .

v

Open and read the irput file.

v

Fvaluate the q, values using

Newton's method.

v

Fit the model to the experimental

data with the ESOPt optimizatioop |
using the diffusivity as the only
variable.tt

2 . \L ’ .

Write the optimization results

including: maodel estimates, experi-
mental values and the optimum
diffusivity.

Y

Ty, > T t >
Plot (M /M )exp dand (M~ /M )pred
time at the optimum diffusivity

vs

value and at defined diffusivity.

values.

Stop

¥ ESOP: Users Instructions, Engineering Systems Optimization
Package, System Analysis, Control and Design Activity -. Re
port No. SACDA 80-21, 1982.

tt Optimization Criteribn:

1\72"

. . t, ® it M
Minimize :{ (M /M )exp (M"/M )pred‘




4
solute concentration at the radial dilstance, r, from the
centre of the sphere at time, t, can be expressed by the

following equation given by Cranks (1975):

25

6 (l+a)exp (-D_q° t/R%)
(cs) R = Cs |l en :
r 9+9a+q o
n

n=sl

v *
R sin(an/R)
— 4.14
r sin q, .

Q
where, r/R is the fragion of the radial distance from the
~ .

t . . ,
center of the bead, (CS) is the solute concentration 1in

r/R
the bead after time t, and at the radial distance r/R, C

x .
1s
S

the equilibrium solute concentration in the sphere after in-

finite time, and Do is the optimum effective solute diffu- *

sivity obtained in DIFFIT.

At the bead surface (i.e. r/R = 1.0) the éblute.con—

. . t . . .
centration [(cslr-R] is given by Equation 4.15

. . 6(1+v)exp (-D_q> t/R)
(€)oo = Ce |1 + it 4.15
S r=R S 2.2
9+9d+qna

For effusion of a solute from an equilibrated bead (i.e.

. . . e s . . . o
uniform initial solute concentration within the bead = Cs),

the solute concentration, (C;) at a radial distance,

r/R’
r/R, at time t,.is expressed by Equation 4.16. .

5

. . J’T-'

-
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25 - ‘i
(c5 =c? -j e -c 1+ 6 (1+a)exp (-D_a° t/8%)
s’ r/R s S s > g n_ ', . ‘
s 9+9a+g @ o
n=1 n

R sin(an/R) - .

- - 4.16

r sin q, .

Using Equation 4.14 (or Equation 4.16), the concentra-"
g Fa

tion profile of glucose through a spherical Ca-algipate beaé}
was determined using the computer program calied ﬁROFILE.
This program plots the solute concentration at 21 fixed - . -
values of r/R (i.e. r/R = 0.01, and 0.05 to 1.00 at Enéer—:
vals of 0.05) at various user defined times. The flowchart 4
of PROFILE and a typic;l computer output are given in.Figure
4.7 and Appendik‘B.4, reSpectiveiy. _

All the computerkprpgrams used in this §tudy werelcom—' .
pil;a by Mr. J.B. Wallace (;;rsonal Communigations, 25S‘ :

April, 1985; 12 April, 1986; 21 July, 1986).




)

Figure - 4.7:

Flowchart of. the computer program PROFILE which
_plots the solute concentration profile in the

~spherical bead "at various user defined times.

« -

[N
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- ( start ) ’ )
rompt user and read experimentg//7
- type:, <D>iffusion or <E>ffusion
ead in the constants for the
desired profiles. \
/Read in the desired diffusivity _ e .
) and the desiYed profile times.

Evaluate the q, values using

ewton’s method.

1]
Evaluate the moi;l (equation used
depends on whether experiment was

diffusion or effusion).

. .-

Write the input data to the output////’
. file. ) . : .

-

Evaluéte and plot the profile vadlues
at a4 series of radial positions (r/R)

based on the'modeli

. =
(e )
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« CHAPTER S

" EXPERIMENTAL RESULTS AND DISCUSSIONS

S.1 Fundamental Studies Using the ‘Novel Diffusivity

Measurement Apparatus

In the novel diffusivity measurement apparatus -describ-

ed in Section 4.7 a single Ca-alginate spherical bead was

immersed and rotated in a liquid phase of limited volume.

Based on the fractional solute uptake or release rates, the \

éffective'diffusivity of glucose was calculated using either
Equation 3.60 or Equation 3.59, respectively, as discussed
in Sections 4.9 to 4.13. =
In studies reported below, all Ca-alginate beads were
érepared from 2% aqueous solutions of purified sodium algi-
" nate (éisher Chemicals, Sample #17) using 4% CaCl2 solution
as the gefling agent, Unless otherwise stated, the initial
concentration of ’cold' glucose in the liquid phase was 20

kg.m-3

30%c.

and all De and Kp measurements were carried out at

S.1.1 Bffect of Bead Rotational Speed on Solute Upé;ke

and Release.Rates

‘A large Ca-alginate bead of diameter (ds) 1.239 cm pre-
pared as described earlier (Section 4.3.1) was immersed in a

" 2% (w/v) aqueous .solution of D-glucose containing Cl‘-D-glu-

136
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cose as the tracer, and rotated at 117 rpm. In Figure 5.1
[} - -

the experimental values of the fractional solute uptake

(M;/M:) are plotted as a function of time. Using Equation
3.60 the predicted curve of ME/M:, at the optimum Dé valﬁe,
corresponding to the best”computer'fit of the experimental

data is also shown. .

After 360 misutes, the equilibrated Ca-alginate bead

was removed from the labelled glucose solution and immersed

in distilled water to allow the. effusion of the solute from

‘the bead to occur. At a rotation speed of 117 rpm, the ex-
\perimehtdL values of the fractional solute releasef(ME/M;)

" plottéd versus time are shown in Figure S.2. Using Equation

3.59 the pred&cted ML/ML curve corresponding to the optlmum

Dg value is’ also plotted Fbr comparxson, the theoretlcal

solute uptake rates at defxned D-'Values ranglng from 1.0 x

1071 m2sl to 5 O ‘k 10 "9 2 ]' are plott‘ed in Figure 5.3.

-

The’ uptake of the soLute.dxfﬁusing rnto the Ca-algxnate

bead at rotatlonaI speeds of 235, 48, 467, and 542 rpm and

its subsequent efﬁusxcn at 467 rpm were a130»examxneé

Basgd on these expezxmental ddt; the optxmum‘D values, ‘the
equxlxbrigm,partxtxon coefficients (Kp ‘ and the perc?n;age
deviation of experimental points from the predicted cﬁrves
(calculated usigg Equation 4.13) are summarized in Table
S.1. _ .

As sho;n in Figure 5.2 a better fit of the experimental
data to the predicted curves is qccomplisﬁed when determin-
ing De'using the-effus}oﬁ‘tebhnidue. This is expected in

. .




Figure 5.1:

“with K =.0.98.
, ‘ltf pr ‘O‘ '

Fractional glucose uptake rate at’ a bead
(@)

predicteéd curve correspondong ta

rotational speed of 117 rpmr. Experimental

(—)

pdints.
;he best computer fit of experimental -data at

the optimum D, value of 6.22 x 10 10 n? 7!
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Figure 5.2: Fracticnal glucose release rate at a bead
rotational speed of 117 rpm. (@) Experimental
points; (—) pr@dictecé curve decrresponding to
tle best computer fit of experimental data at
the optimum D, value of 6.50 x 10_10 mz.s.l

with K= 0.97.
P

B
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Figure 5.3:

———

Theoretical curves for ¥ractional glucose up- - -

take rate at defined De values.
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view of the higher overall solute concentration change in
the liquid phase. However, tRe De values determined by
both, the effusion and diffusion techniques agrge very well

~

within 2%.
5.1.1.1 Mixing Characteristics

In using Equations 3.59 and 3.60 it was assumed that
Egg_liguid phase was well mixed and the film mass transfer
resistance was negligible. The degree of.mixing in the
liquid phase at different angular velacities of the bead was

determined by the simple dye-injection technique. Usiﬁé Ca-

alginate beads of three different diameteri (encompassing

the size rgpge used in the above experim ), the time
taken for 10 yL of methylene blue dye to be homogeneously
distributed in 4 mL of distilled water as observed visually
was estimated at different bead rotational speeds. At angu-
lar velocitigé exceeding‘AO’radians/second {corresponding to
bead rotational speeds of 467 and 542 rpm), mixing was al-
most instantaneous whereas at the lowest rotational speed of

1), the mixing tlme was

approximately 117 rpm (I 12 rad.s
about 25 seconds. As shown in Figure 5.4, when the rota-

tional Reynolds' number (N ) exceeds 5,000, the miking

Re,r
characteristics of the diffusion apparatus are excellent (tn
< 4.0 s), Consequently, at such high bead rotational speeds
,the solute will be homongeneously distributed in the liquid

phase. 1In alt subsequent studies, the bead rotational speed




Figure 5.4: Mixing characteristics of the diffusion
dpparatus at different beacd rotational
Reynolds' number. Bead diameter, cls = 1.152 cm

(@): 1.256 cu (A): 1.387 cm (‘).
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was, set at values such that Nee ¢ > 5,000,
- - a ’ L

B -
- .

- [
2

5.1.1.2 Bstimation of the Bxternal Film Mass Transfer
* - & . cCoefficient, k
Ih measuring effecgive solute diffus!vities in solids,
it is xmpottaﬁt to ensure that the external mass transfer

. teslstance is neglxgxble. The film mass transfer coeffi-
"\ L 4

cient, kL, on.the surface of the rotatxng Ca-alginate sphere
h ' ~ * f L4
s ‘was calg:u_lated‘by t.he empu’cal correlation of Noordsij and

2 aofte £1967) which 'is given by Equation 5.1
: N .

-
-

N 1/2 1/3
o Nﬁh‘ 10 + 0. 4} (NRe,r) (NSC) -
- & . -whe?, 800 "< NRe, "< 2?,000 »
‘ oy _ .
, and 500 < Ng. < 2,000 S - 5.1.
- . : . vc .
. ' where, N_,. is 'the Sherwood ber And'N_ _ is the Schmrdt *
. . . Sh O , s Sc
/ " number.
e Por the dxffusxon and effusion techniques the physxcal .

' E
propettxés of 2% (w/v) glucosg solutxon and distgj}e§ water
- . (1isted-in Table 5 2) were respecthely used .to timate kt- N

at diffq;ent bead rotatibnal speeds, Thus, as shown in

;- ‘ ThblesSaB and Pigure 5 S.by 1ncreasing.the bead rotattonal,
spced?f:om gl7 rpm to 542 rpm, thé‘ﬁ'lm mass transfer co-

qt least two'fold. According .to

. -
- -~

«



A . . . a \‘
Table 5.2:° Physical Parameters Used to (raluate the ‘
External Film Mass Transfe fficient._kL
~ - _ .
Prysical parameters Values
. Composition of liguid Pure water 20 kg.m >
. phase | agueocus solution
. of glucose
Temperature, T (°C) - 30 30
- . /. )
_ Viscosity, u x 10° 0.8007% 0.8268°
(RQ-ﬂ:l.SQl)
Density, v (kg.m °)- 995.72 1003.3% |
g Kinematic viscosity, 8.042 8.241
S x 107 (m¥s™Y) - ' ’
' Diffusivity of glucose in 7.50% 7.18°
water, D x 1010 (m%s-l)
Schmidt number,’ Ng_ 1072 1148
(dimensionless) g
N . . . «
- - ®trom, Geankoplis (1983); Pfrom, Thomas (1965):
cﬁrdm Bates et al. (1929); dfrom Dacenkova et al. (1973).
. . O
[ R \ L] -
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Figure 5.5: The effect of bead rotational Reyﬁolds'

. number on the external film mass transfer co-

efficient, the mass transfer Biot number, and
SN
effective diffusivity of glucose in Ca-alginate
lgel.
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Sirottitand Emery (1983), the kL value of glucose on the

sgrface of controlled pore ceramic beadS“Tag't 150 um) : -
packed in a column was estimated, using the McCune-Wilhelm
model <)1949>, to be 3.6 x 10 °m.s™ 1. Ryu et al. (1984) |
employed the empirical correlation of Williamson et al.

(1963) and estimateg.the kL value of glucose .on the:gufface

of Ca-alginate beads, packed in a column, to be 2.5 x 1072

m.s:_l at the highest superficial velocity of the bulk fluid.
These kL values are of. the same order of magnitude as- thosé
obtained at high rotational Reynolds' numbers even though
the particle size employed in this stuéy was approximately
80 bdme§ larger thaa that used by Sirotti and Emery (1983).
In order. .to examine the significance of the lower k;
values, ;E low rotational speeds,.on the overall rate of
mass transfer, the Biot number, Nﬁi'
3.38, was calculated at.different bead rotational spee&s and

defined by Equation

the respective values are listed in Table 5.3. Ewuen at the
lowest bead rotational speed, Np; exceeds 100 indicating
that the film mass transfer resistance dods not affect the

overall mass transfer rate appreciably (Bailey and -Ollis,
. ) , ) .
1986). For instance, according to Schwartzberg and Chao
. ! -
(1982), when Nai exceeds 200, the effect of film mass trans--

fer resistance on the'erall solute uptake rate and/or re-

‘lease rate, is‘less than one percent. .

As shown*in Bigure 5.5 ang Table 5.1 the D_ value

R . o
measured at the lowest bead rotational speed-is’ not signifi-

cantly lowes than, that measured at high bead rotational

- -
-
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sbeeds. Therefore, using the novel diffusivity measurement

apparatus, conditions of near ideal mixing Tt < és at Npe r -
4

> 5,000) and negligible film mass transfer resistance (NBi >
200) could be achieved. Accordingly, the effective diffusi-

.vity of glucose in 2% Ca-alginate g€l at 30°C was foung to

be 6.73 x 10720 m?.s71 (+ 0.12 x 10710 2

-

sy,

5.1.2 Concentration Profile of Glucose in Ca-Alginate

Sphere

The radial concentration profile of glucose within a

Ca-alginate sphere was determined as a function of time by

solving Equation 4.14 (for diffugion when De = 6.79 x 10—lO

m2.g"}

10"10 mz.s-l) using the computer program called PROFILE ( see

) and Equation 4.16 (for effusion when D, = 6.86 x -,

'§éétion 4.14). Th; respective glucose concentration pro-

files fbr a typical diffusion and effusion experiment are
shown in Figures 5.6 and 5.7. Thus, the.solute appears to

be dniformly distributed within the Ca-alginate bead after S
to 6 hours indicating that equiliSrium is achieved during . .ﬁ
this time periqd., ' )

~

5.1.3 Equilibrium Partition Coefficient, Kp, of Glucose in
Ca-Alélnate Gel . . X <

»

Figures 5.8 and 5.9 show the typical solute concentra-

tion changes that occur in the liquid phase.(ci) and the

-,

N . A



Figure 5.6: Glucose concentration profile in Ca-alginate

sphere at different times durang the diffusion
-10,_2 _-1.
m-.s

process vhen De = 6.79 x 10
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Figure #.7:

-

Glucose concentraticon profile in Ca-alginate

sphere at different times during the effusion

proces& when D_ = 6.86 x 10-10 ml.s -,

-

/‘
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Figure 5.8: Changes in the concenptration of C”"-glucose 1in
)
tie liquic phase and Ca-alginate sphere plotted

as a function of time curing diffusion of glu-

" ccse into the bead when D. = 6.79 x 10 10
. e
S —
2 -1
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.

number of terms, n, used in Equation 3.59. Thus, when n

exceeds 10, there ig‘no further change in -the value of Dg-

However, with the use of only the first term of the series

solution, the estimated D, value (5.86 x 10710 m?.571) g

almost 15% lower than the actual value, whereas, by intro-
ducing the second term in the series, the error is reduced

-

to less than 5%.

I 4

5:1.7.2 Graphical Method

The series solutrion given by Equation 3.59 can be re-
written in terms of the solutesconcentration changes that
occur in the liquid phase during the effusion process.
’ ]

" Accordingly,

- An exp ( a, T) 5.6

where A is given. by Equation 5.7

‘6a. (o + 1)
A = . : 5.7
n 9+ 9a +, o?q’

L]
[

When the dimensionless time, T, is large, then the terms
corresponding to n» 2 in Equation 5.6 can be neglected.
Under this condition, Egquation 5.6~éan be.- converted into the

following linear form

-

183



Figure 5.18: The Arrhenius plot for diffusion of glucose in

-

cell-free Ca-alginate gel.




-

. glucose concentration in the Ca-alginate sphere (C;) was

e - 165

ccncentrationé (Hu et al., 1985). 1In order to determine the
type of adsorption isotherm of glucose in Ca-alginate ma-

trix, the diffusion apparatus was ehpléyed in which spheri-

cal beads were equilibratea in Cl4-glucose solutions initi-

ally containing 3 to 300 kg. m3 of 'cold’ glucose. -Equi- B

-

librium was reached after 5 to 6 hours when the radiocacti-

vities of several consecutive 3 ulL samples of the liquid

solution were found to be the same.

. s o e
Knowing the initial (CL) and equilibrium (Cz) concen-

tration of the solute in the liquid phagg‘hthe equili?rium

determined by a simple mass Balance. The results are sum-

marized in Table C.l1 (Appendix C) and plotted in.Figures

5.10 and 5.1, showing that the adsorpticon isotherm of

glucose in Ca-alginate matrix can be expressed by a linear .

eqdilibrium felationg?ip giQen by Egquatiédn 5.2. Thus,

-
—-

L 4

—

where k-is a constant and qc° is the equilibrium solute con-
centration in the solid’pgase'whica can be defined in terhs
of the sphére volume de =,C;;, wet weight 9f thé-algiuate
gelﬂ}qw = [C;]w), or dry weight of the algfnate Qel-(qf =

[Csld)' - . >

Following linear regression analysis of the datd in

~

Table C.l, Equation 5.2 was'rewgitten in terms of C:, [C:]d

°r.[Cs]w' Thus, for the adsorption of glucose in 2% Ca-



8

Figure 5,10:

Equilibrium acdsorption i1sotherm of glucose 1in
. 7 ot . ’ -

Ca-alginate matrix wheﬁ'cs 1s expressad 1n

terms of the bead veclume: (@) represents the

experimental data and (—) 1s the best f1it

linear relationsﬁip given by Equation 5.3.
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* Figure 5.1l1: -

)

EqQuilibrium adsdrption isotherm of glucose in

@

Ca-alginate matnix w‘nen»CS is expressed in

terms of wet weight (@) or dry weight (A ) of

bead; (—). and (---) respectively represent

the-best fit linear relationships given by,

Eguaticen 5.4 and '5.5.
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alginate gel at 30°C, the linear adsorption isotherm canlbe

expressed by either Eguation 5.3, 5.4, or §5.§

c® = 0.9514cC. , 5.3
s L |

- 3 Y \ x
Z1, = 9.486 x lo ¢ T_iiduic phase . 5.4

kg wet gel L

0
1l

-2 w3 liquié phase
2.47% x 10 n c 5.5
kg dry gel L )

[CTlg

The best-fit linear relatioaship given by Equ;tion 5.3
is plotted in Figufe 5.10 whereas Equations 5.4 and 5.5 are
plotted in Figure S5.11. The correlation coefficient for the
aone linear eguations was 0.9992. Thus, with glucose as
the solute,r Equations 3.59 and 3.60 can therefore be used tg
determine De values of glucose in Ca-alginate gel even at
high initial concentrations of the solute (di = 300 kg.m_3).

Hu etfal. (1585) afld satterfield et al; (1973) e*amined
tﬁe adsorption characteristics of some sugars in porous in-
organic suppprts.. Hu et al. (1985) found that the equili-
sbriup data of glucose, fYuctose and sucrose in untreated
porgE? alumina beads (dz < 250 kg.m-3) correlated well with
thgfiangmuir adsorp}ioé’isotherm. On the other hand,
Satterfieid et al. (1973) observed that the adsorption

0

isotherm of glucose in porous silica-alumina beads (CL < 100

kg.m'B). was linear and the constant K in Equation 5.3 was

Yo

experimentally determined to be 1.00, which is comparable to

-

- = g
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the value of 0..9514 obtained in this study. Thus, glucose

e

.is.not preferentially adsorbed by the Ca-alginate matrix.

To date, the equilibrium adsorption isotherms of glucose and

other carbohydrates in gel-entrapment matrices have not veen

reported in the literature.

5.1.6 Conpar%gon of Effective Diffusivity and Partition

Coefficients of q1ucose in Immobilization Matrices

The diffuéivity characteristics of glucose in polymeric
gels, membranes and other porous solids have been frequently
reported (Table 5.4). However, most of these studies have
been carried out using highly cross-linked and mechanically
stable gels enabling conventional diffusivity measurement
techn;ques‘to be employed.

Té date onl§ Tanaka et al. (1984) and Hannoun and
Stephanopoulos (1986) have reported De valyes of glucose'in
Ca-alginate gels, whereas Sellen and colleagues (Mackie et
al., 1977; Sellen, l980)thave measureé the diffusivity of
compact macromolecules (dextrans and globular proteins) in
dilute Ca-élginateu;O.S% w/v) gels-using light séattering
technigues. Several qualitative studies on the mass trans-
fer characteristics of biological solutes in alginatg gels
have also been performed (Kierstan and Bucke, 1977; Kiérstan
1981; Kierstan et al., 1982;‘Cheetham et al., 1979; Leung
et al., 1983; Burns et al.,. 1985; Hubble and Newman, 1985).

Hannoun and Stephanopoulos used a modified version of
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Y ' _
the conventional.diffusion cell and found that.the diffu-
sivity of glucos* in 2% Ca-alginate gel (measured at 22°-
26°C) was approximately 96% of that in water. The authors
cited the following problems associated with their De‘

measurement technique:

(a) Gel rupture in the presence of entrapped cells
Qb) Difficulty in preparing Ca-alginate membranes
of uniform thickness
(c) Possible influence of external film mass transfer
resistance when measuring De of gl'Fose in

Ca-alginate membranes
. 1)

\
In an earlier study, Tanaka et al. (1984) used an

unsteady-state Eechnique to measure solute diffusivities in
Ca-alginate beads. In their method, approximately 500 Ca-
alginate beads were suspended in a baffled vessel containing
a limited volume of the liquid phasé and the contents agi-
.tated at 625 rpm using a magnetic stir bar. By measuring
thf solute uptake dnd release rates, the De values were
calculated using alternate forms of Equations 3.59 and 3.60.
The diffusivity of glucose in Ca-alginate gel at 30°C was®
found to be 6183 x 107'% m?.s7! (D_/D = 0.91). Thus the D_
values of glucose reported above are similar to the diffu-

sivity values obtained in the present study (De/D = 0.94).

.In calculating solute diffusivity in alginate beads,

Tanaka et al. (1984) def'ined the alpha-factor as the ratio
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of the liguid volume to tha€ of the total bead volume (& = - *;
VL/VS). However, accecding to the exact mathem&;ical
solutions given by Cranks (1975), the alpha-factor sho;ld
incorporate the solute partition coefficient (i.e. o =
VL/VSKp). Thus, in measuring solute diffusivities, Tanaka
et _al. (1984) tacitly assumed the partition coefficient of
glucose and other high molecular weight solutes c; be anity.
Although this assumption may be acceptable for low molecular
weight solutes such as glucose (Kp = 0.98 in Ca-alginate- N
gel; see Section 5.1.3), 1t may not be justified for larger
solutes. For instance, Cheetham et al. (1979) determfned
the Kp value of sdgkose in Ca-alginate beads to be 0.84,
whereas Kirstein et al. (1985) observed a tendency towards
lower partition_coefficients in cross-linked methacrylate -
with increase in molecular weights (from Kp = 0.9 for gly~-
cerol to Kp = 0.5 for sucrose). Additionally, as shown in
Table 5.5, the partition coebficient of glucose in several

. »

immobilization matrices has been found to be less than 1.0. o

a
Incorrect assumptions of Kp values can, in turn, lead to

errors in the calculation of effective diffusivities of solu-
tes in gels (Friedman;and Kraemer, 1930; ﬁhite and Dorion, -
1961; Nixon et al., 1967; Kirstein et al., 1985; Furui and
Yamashita, 1985% and failure of the mathematical solutions
of the diffusion equation (Marignan and Crouzat-Refngﬁ.
1956; Muhr and Blanshard, 1982). Thus, as attempted in ;he
present study, it is important to devise an éxperimental

I

procedure in which both Kp and De values can be determined.



. D

Table 5.4 shows that the effective drffusivities of

»
glucose in highly cross-linked gels (e.g. collagen, poly-

acrylamide, dextran and cellulose gels) and porous solids ,'

(alumina, silica and ceramic beads) are substantlally lod//

(0.15 < De/D‘< 0.5) than the-correspondxng values (0.5 <
De/D < 1.0) in polysaccharide gels (alginate, hyaluronate,
carrageenan, agar) having a high water content (> $5%).

]
5.1.7 Determination of Diffusivity Values Using Approxima-

tion Techniques

The novel %iffusivity measurement technique developed

_tn this study gives accurate-De values (+ 2%) and uses an

apparatus which is of simple design and easy to operate.

. However, unlike steady-state techniques, the complexity of

.thg‘mgthematiéal solutians ({Eguations 3.59 and 3.60) used to

calculhte'De is—the ma jor disadvantage of this and other

unateady-state methods., Thﬁs, in Equations 3.59 and 3.60,

. the egperimentélly-measurable.quéniity (fractional uptake or

’ ~ N N - ~ . ..
release of salute, M /M ) 'is expressed as an-infinite series

of the uhknOWn‘variAble, namely, the effective diffusivity,

e"
Determinatxon of. D values can therefore, only be

-

‘ dchieved by employlnq a curve fxtting routxne or a laborious

master plot GCranks, k975).. The former requxres.a suxtable

- ~\

curve-fltting,‘optlmlzatxon computet program such as thé dne:

{

used in this study. 'The latter. requires eonstructxon of a

-
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master plot of fractional solute uptake or release (Mt/Mr)
versus the dimensionless time, T (defined as 1 = Det/Rz)
using the exact solutions. The values of 1t are then read
off from the plot at correspondi’hg experimental Mt/Mm values
A subsequent plot of T versus time, t, gives a straight line
and the D_ value evaluated from the slope (slope = De/Rz).
Alternatively, apprh‘%mate solutions of Equations 3.59
and 3.60 are available in the literature (Carman and Haul,
1954; Schwartzberg and Chao, 1982; Lee, 1980a; 1980b) which .
may facilitate routine usSe of the novel diffusivity measure-
ment techniqué,.without making it mathematically cumbersome.
In the following sections, the reliability of these
approximate solutions was assessed based on the experimental
data given in Appendix B.2, for effusion of glucbse from a,
spherical Ca-alginate bead. The estimated De value .was then
compared to that obtained from the exact solution (Equation
3.59) using the computer program DIFFIT when n = 25 (see
Appendix B.3). The experimental fractional release rate of
glucose and the best-fit theoretical curve (obtained by

using DIFFIT and 25 terms) corresponding to an optimum diffu-

sivity value of 6.85 x 10710 m?.57! is shown in Figure 5.12.

5.1.7.1 Estimation of D, Using the First Term in the Model

Equation

\

Figure 5.13 shows the calculated optimum diffusivity of o

glucose i;'Ca-alginate‘gel plotted as a function of the
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Figure 5.13:

&

Number of terms tequired in the series solution
for determining the optimum effective diffu-~

sivity of glucose in a spherical Ca-alginate -
0 -

bead. . o
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number of terms, n, used in Equation 3:59. Thus, when n
3 " exceeds 10, there is no further change in -the value of De'

However, with the use_éf only the first term of the series
solution, the estimated D_ value (5.86 x 10710 mz.sfl) is

almost 15% lower than the actual value, whereas, by intro-

| L4

. ducing the second term in the series, the error is reduced
bl

to less than 5%.

4

-

s : 531.7.2 Graphical Method

The series solution given by Equation 3.59 can be re-
written in terms of the solutesconcentration changes that

occur in the ligquid phase during the effusion process.

L]
-

" Accordingly,

t C°°
v LTS 2
v = - A exp{-q- 1) 5.6
O - n n
L L-

where A  is given by Equation 5.7

. ‘6a. (u + 1)
A = ~ ’ 5.7
. n 2. .2
9 + 9% ﬁ;m.qn

L

’

When the dimensionless time, T, is large, then the terms
corresponding to n» 2 in Equation 5.6 can be neglected.
Under this céndition, Equation 5.6 can be-converted into the

following linear form

-

183



- C

C
in ¥ = in —_—_
‘ C; - C

Hojltt
r 8l 8

.
v

g

: -
Thus, if ¥n Y is bplotted as a function of time, t, the slope

- .
will equal —gj D_#4R°. a
- ¢ v .
From the experimenta] data given in Appendix B.2,

-
- -

C, = 0 cpm/yL ; CE = 91.2 cpm/ulL
v ;

R = 6.052 x'1p > m.; & = 4.5638

q = 3.326 G oA; = 0.5432

Thus, és shown in Fig;ré 5.14: by drawing a straight line
from the intercept (@n Ali_to fit the majority of the exws
perimental points at t 2 2Q09 s, the D; value was célculated
to be 7.20 x 10710 m?2.s7L, The graphical method therefare
overestimated the De valie by 5.1% which is a good approxi-
mation of the corresponding value determined by using the
exact solution. It must be noted that at time t = 2000 s up
to 60% of the fractionai rei;ése of glucose has already
occurred (see Figure 5.12). Therefore, the graphical method
utilizes the remainihg 408 of the effusion process whére
most of the data fluct&atiqns take place.

Schwartzberg and Chaq,(1§82) have shown that for a
sphere, and when a = 4.0, the percentage error in ‘the me;-

sured Do value using the graphita) method can be reduced to
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Figure S5.14:. Application of the grapnical method for

determining De i .
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-less than 1% if v > 0.117 and Y < 0.146. The T and Y values
based on the experimental data shown in Figure 5.14 were
‘calculated to be 0.039 and 0.398, respectively, at time, t =
2000 s. Thus, a high level of accuracy cannot be expected
using the graphical method,sinee the exact solutions for the
spherical geometry do not converge rapidly (Carman and Haul,

1954) .

S.1.7.3 Approximate Analytical Solation
'

Lee (1980b) used a refined integral method to’ derive
approximate analytical Solutibns.for a wide vartegyy of
&nitial and boundary conditions encountered in the diffu-
sional release of a solute from a polymeric matrix. Based
on the initial and boundary conditions for a Sphé:é immersed
in a finite volume of liquid (Section 3.6.2.2), the analy-
tical solution accordinghto Lee (1980b) is given by Equation

5.9 in which the frac¢tional solute release,/ﬂ:/ME, is

related to effusion time, t.

- -

8 a+2 da + 4 - (6-2)2
, T - - - |— tn |=
) 3 3 4a

2 0.5 (2(1+a) 2% + (6-2)1 1 (1+a) " 3417
+ - [l+a] in . 5.9
. : N

(2(1+a) 973 - (6=2)][(1+a) %-3-1)

e

where, .
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0.5

a(l+a)
5§ = 2 -2 (1 + ) - 5.10
Y

- I

Using Equations 5.9 and 5.10, and the,experi%ental data
showp in Figure 5.12, values of T were calculated and plot-
ted as a fuhction of time (Figure 5.15). Based on the ex-

—périmental data for the first 165 minutes, and using linear
regression analysis (correlation coefficient = 0.9873), the
o effective diffusivity of glucose was calcuygted (De = slopg
x R%) to be 6.70 x 1070 m?.s71. This value is only 2.2%
lbﬁer than that obtained using tpe exact salution. Thus,
unlike the graphical method; Lee's analytical solutioh uti-
lizes the data obtained during the time,geriod when up to
90% of the solute release occurs. Furthefmore, approximate
'solutions for calculating D during diffusion of a solute

into a spherical bead and effusion from matrices of other

geometrical shapes are also available (Lee 1980a; I980b).

5.1.7.4 Comparison of Different D, Approximation Techniques
o .

A comparison of the different approximation techniques

used in this study to calculate the effective diffusivity of

"~ ]
glucose in Ca-alginate sphexical beads is shown in ‘Table 5.5.
Lee's analytical technique is by far the most accurate and
as reliable as the exact solution method. Thus, it @;y be

possible to routinely employ the novel diffusivity measure-

ment technique without using the complicated mathematical

8 .



Figure 3.15: Estimation of ciffusivity of glucose in Ca-

alginate sphere using Lee's analytical

' solution. g
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Table 5.5: Compariscn cf Different Estimetion Technfﬁcgs
Used to Calculate De

-
\ Effective Diffu- ¥ Difference Vhen
Methocd sivaty of Glucose, g Comparecd to
Dexlolo,(mz.s-l) Exact Sclution
Exact solution 6.85 o, . -

{Equation 3.59,
n=2% terms)

lst term of \ 5.86 -14.5
series solution s

.
/

First 2 terms K 5.54 ' -4.5
of series solutiop/”//

Grapnica 7.29 ' .' +5.1
Nethod ‘ ' )

Lee's Analytical 6.70 -2.2

Solution _ ~

191%
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sclutions and at the same time, retain the accuracy and sim-
plicity of the method developed in the present study.

It must, hoWever, be noted that, both, the graphical
method and Lee's analytical solution amplify the data fluc-
tuations that occur during the last 10 to 20 percent of the
effusion process, even though there is little evidence of
significant fluctuations in the actual experimental data as
plotted 1n Figures 5.9 and 5.12. Such amplified data fluc-
tuations have algg been observed by Lee when analyzing the *
experimental solute uptake rate during diffusion of Naél_in
ion-exchange resin particles (Lee 1980a).'

Caution must therefore be exercised when fitting the &

approximate solutions to the experimental data obtained

during the final phase of the diffusion of effusion process
As shown in Figures 5.1, 5.2 and 5.12, the exact solutions
(Equaﬁions 3.59 and 3.60; when n = 25) fit very well to the
experimental aata‘during the entire period of the’diffusioh
and effusion process. Equations 3.59 and 3.60 were there-
fore used for the remainde{ of this study to calculate 0.’
values with n = 25 terms. *

5.1.8 Other Potengial Applications of the Novel Diffusivity

Measurement Technigque . '

Under cdnditions of near ideal mixing and negligible
film mass transfer resistance. the novel diffusion appa-

ratus designed for use in this study may be successfully ap-



193

plied for measurihd, both, kp and De of glucose and other
radio-labelled solutes in a variety of different immobiliza-
;ion matrices irrespective of their geometry or mechanical
stability. Additionally, the simplicity of the apparatus
requiring smali volumes pf the liquid and solid phases en- .
ables one to economically utilize radiotracer technigues,
which in turn facilitatgs the ease and accuracy of rapidly
measuring solute concentration changes in the liquid phase.

By modifying the design of the apparatus, measurement
of solute diffusion in non-spherical matrices, such as a
cylinder, square rod, cube, disc, or a solid of any arbi-
trary shape, may be possible. Thus, for a non-spherical
solid immersed in a liquid phase of limited veclume the
appropriate mathematical solutions for calculating De values
are gvailable'in the literature (Cranks, 1975; Maiand Evans,
1968; Desai and Schwartzberg, 1980; Schwartzberg and Chégi
1982; Bressan et al., 1981).‘\§dditiona11y, for‘rotating
cylinders and discs, correlat;ohs are available for esti-
mating the magnitude of the external film mass transfer co-
efficient (Sherwood et al, 1975). |

For a system exhibiting non-linear Freundlich or
Langmuir isotherms, with or without significant film mass
transfer resistance, modif{éd versions of Equations 3.59 and
3.60 (Komiyama and Smith, 1974; Huang and Li, 1973) and
other numerical (Hashimoto et al., 1975; Kemiyama and Smith,

1974; Furusawa and Smith, 1973) and parametric methods

\
{Suguki and Kawazoe, 1974; Ma;hews and Weber, 1976;
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Neretnieks, 1976; Leyva-RamQgs and Geankoplis, 1985) are

available in the literature.

5.2 Diffusion Coefficient?of Glucose in Water: Correla-

tion Studies

-

-

An adegquate understanding of the diffusion phenomenon

- -

¢

in alginate immobilization matrices can be facilitated by
Eompariqg the effective solid phase diffusivity (De) with
the diffusién coéfficient of glucose in water (D;.. Amongst
the variety of factors that are known to influence the free;
phase diffusivity of any given solute, temperature and
solute concentration are the moﬁg important contributing
parameters (Cussler, 1984).

The semi—empigical correlation developed by Wilke and
Chang (1955) has been widely used to predict the free-phase
diffusivities of glucos;. However, .the reliability of their

correlation is limited to infinitely di@te solutions and at

3

.

temperatures pf 59 to 40°¢ (Geankoplis, 1983).
Experimentally measured values of D are available in
the literature (Friedman and Carpenter, 1939; Longsworth, .
1952; 1953; 1954; Gladden and Dole, 1953; Dadenkova et al.,
1973). However, with the exception of the }esglts presented

by Dadenkova et al. (1973) most of these studies examined a
rather narrow range of temperatures andfor glucose concen-
trations when measuring the diffusion coefficients of glu-

cose in water. Thus, using the data presented by Dadenkova
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et al. (1973), which are compiled in Table D.l1 (Appendix),

suétable correlations were developed, as describeQ—Pelow, to
facilitaie accurate prediction of the diffusion coefficients
of glucose id water over a wide temperature (25 to 70°C) and

-3). . N

glucose concentr¥ation range (0 to S00 kg. m
¢
5.2.1 Effect of‘Temperature; Correlation I With Concentra-
tion Dependent bonéﬁrnts y
The influence of temperature on free-phase diffusivi-
ties sf a solute at a certain concentration can be expressed

by the grrhenihs relationship given by Equation 5.1l.

Accordingly,

D = A exp(-E,/Rt) _ 5.11
where R is the universal gas,constant, T is the absolute
temperature, and A and Ea are, re§pectively, the Arrhenius
pre-exponential constant and the activation energy for dif-
fusion at a given solute concentration. The diffusivity
data listed in Table D.l (Appemdix) were plotted as a func-
tion of thé inverse of absolute temperature at different
concentrations of glucose as shown in Figure D.l (Apperdix).

The Ea and A values were determined by non-linear

regression analysis of the data using the least-squares

method and the coefficient of determination, rz, was found

to be greater than 0.9985 at all glucose concentrations

»
3
=
s, .
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(Table D.Z; Appendix).

As shown in Figure D.2, the activation energy for gdif- -

fusion of glucose in water, increases linearly as a function
of glucose concentration, CL' and the relationship can be

. expressed by Equation 5.12

3

where m is a constant (1098 x 10° 3

k3. mol Y/kg. m™3) and

for diffusion of glucose'at

infinite dilution (E: = 18.89 kJ.mol Y). The constants, m

Eg is the activation ener

~~

and Eg were determined by using linear regression analysis

(Table D.2, Appendix). Equation 5.12 can therefore be re-

written in the form,

-

-
E, = 18.89 +[10.28 x 1073 c,) 5.13
for which the correlation coefficient was found to be
0.9868. -
As shown in Figure D.3 (Appendix), A is exponentially ]

related to glucose concentration and can be expressed by

Equation 5.14

= ° ' 5.14
A A exp(bc CL)
where bc is a constant and A° is the Arrhenius pre-
exponential constant at infinite dilution. Following non-

linear regression analysis (Table D.2, Appendix) Equation



S.14 can 'be rewritten in the form,

6 ) ©s5.15

A = 1.36:x 107° exp(2.48 x 107> ¢,

and the coefficient of determination was found to be 0.9506.
Substitution of Eéuations-s.lz and 5.14 into the

Arrhenius Equation 5.11, leads to the general form of

correlatiod I which is expressed by Equation 5.16

Introducing; the constants given in Equations 5.13 and 5.15,

Equaﬁion's.ls can be rewritten as follows

Rt -
- \ 5,17

3 —¢ [(0.00248RT - 0.01028)C;, - 18.89
D = 1.36 x 10 [ exp - -

~-5.2..2 Effect of Glucose Concentration; Correlation II With °

Temperature Dependernt Constants

Alternatively, the diffusivity of glucose in water may
be expressed in terms of an exponential function of glucose
concentration (Figure D.4, Appendix) which is given by
Equation 5.18. R

’ \ ) . ,
) » 5,18

P = D_ exp(-by C

L
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-~

- ‘ rd
where bT'is the temperature dependent exponential censtant

and Do is the diffusivity of glucose at infinite dilution at

-

a fixed temperature (Table D.3, Appendix). D, can be
determined from the Arrhenius rel&tionship (Figure D.5S, -

Appendix) given by Equation 5.19

_ a0 /R ‘ :
. D, = A% expl EZ/RT) ) 5.19

By substituting the appropriaﬁg constants (A° and E:)
determined by using non-linear reg}ession analysis (Table

D.3, Appendix), Equation 5.19 can be rewritten as

D, = 1.36 x 10°° exp (-18.89/RT) 5.20

The exponential constant, b in Equétion 5.18 is related to

T'
the absolute temperature (see FighrewD.G, and Table D.3,

Appendix) by the following linear eqdation

' . -5 3 -1 -1 -
where y is the slope (1.22 x 10 m.kg “. K 7)) and bo (5.29
x 1073 m3.kg”l) is the intercept at T = O K. The best fit

linear relationship was found to be

by = [5.29 x 10‘3]- [1.22 x 10‘3T] z);{
. A ) N

for which the correlation coefficient was 0.988S.

198
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Thus, Equation 5.18 can be.rewritten in the form,
D A° (yIC, - b C. - E°/RT) 5.23
= exp {yity o L a y

or, by introducing the appropriate constants,

3

St - 5.29 x 1073

D = 1.36 x 10”9 exp [c (1.22 x 107

- (18.89/RT)] ) 5.24
5.2.3 Application of Correlations I and II.

The correlations given by Egquations 5.17 and 5.24 were
subsequently used tq calculate D as a function of glucose
concentration and temperature and the predicted D values
pﬁctted in Figure S.ie. Both correlations gave almost
identical D values and their plots are not distinguishable
in Figure 5.16. The diffusion coeff@cients Qf glucose 1in
water reported in the literature are also plotted in Ff@ufe
5.16 showing that the two correlations developed in this
study can gccurately predict the free-phase diffusivities

3

over the entire glucose concentration (20 - 500 kg.m °) and

~

temperature (25 -.75%) range tested.

-

S.2.4 Diffusioen Coefficients of Glucose at Infinite

Dilution

For small solutes (M.W, £1000).such as glucose, the

Wilke and Chang ¢1955) correlation, given by Equation 5.25

-
~




.

Figure 5.16:

Corparison of experlmenta} (symbols) and pre-
dicted (——) (diffusivity values ©of glucose 1in
water as a function of concentration and tem-
perature (Dacdenkova et al., 1973 (@, ZSOC;
W@, 30°%: @, 40°%: A . 50°%: Q. 60°C; Y.
70°C]; Gladden and Dole, 1953 [A, 25°C:<7 .,

35°C]; Friedman anc Carpenter, 1939 (), 25°C);

Longsworth, 1953 (. 25%]).
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has been preferentially used- to estimate free-phase diffu-

sivities at infinite dilution (Do). Accordingly, at an: ~
e

absolute temperature, T ’ o !

= - ~-16 1/2 .
DO = 1.173 x 10 (¥ HB) 7% 5.25

where, MB 1s the molecular weight of the solbent, ¥y 1s the

association parameter of the solvent, U

viscosity and VA is the molar volume of the solute at its

’ *
normal boiling temperature. Using the LeBas atomic volumes

is the solvent

of carbon (14.8 x 1073 m3/kg mol), hydrogen (3.7 x 1073
m3/kg mol; and oxygen (7.4 x 10_3 m3/kg mol), the molar
volume, VA, of glucose was ca{culated to be 0.1776 m3/kg mo 1
(Shérwood et al., 1975). Wilke and Chané (1955) reconended
that ¥ be chosen as 2.6 if the solvent is water.

The Wilke and Chang correlatign, apd Equations 5.17 and
5.24 were employed to predict the diffusion coefficients of
glucose in water at infinite dilution (Do) over a tempera-
- ture range of 20°C to 50°%c. The predicted Do values are
plotted as shown in Figure 5.17. The 'experimental' values
of D, obtained by extrapol;ting literature dqéa to ¢, = 0

kg.m-3

are also shown in Figure 5.17. It is apparent that
the correlations developed in thi's study are more accurate
than the Wilke and Chang correlation. One must, however,

note that Equation 5.17 and 5.24 can only estimate D values
t

202
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>, &‘i\;_)
Figure 5.17: Predicting diffusivity values of glucose 1in
water at infinite dilution as a function of
temperature. (—), ¥ilke and Chang correla-
tion:; (---) Equations 5.17 and 5.24:; (@),

‘ Dacdenkova 1., 1973; (&), Longsworthg

. 1954; (@), Gladden and Dole, 1953;: (@),

Friedman and Carpenter‘. 1939.
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of glucose (and possibly other hexoses)_in water, whereas
]
the Wilke and Chang correlation has universal utility, and
as such can predict Do for solutes with molecular weights of
. ;

up to 1,000 diffusing in a wide variety of solvgnts in addi-

tion to water.

Due to the accuracy of the correlations developed above
(qu.zations 5.17 and 5.24), the; will be .used in the remain-
der of these studies in order to cémpare the effective
diffusivities of glucose in alginate immobilization matrices
with the c;rresponding free-phase diffusivities (De/D). As

~hown }ater, Equatic&S.l? and 2.24 will be employed to de-
veiop and also apply Thterature correlations for es;ima-
ting D, values of glucose in alginate immobilization
matrices. Additionally, Equations 5.17 and S5.24 may have
wider applications for predicting the;mass transferéhérac—

- teristics of hexoses in-fermentation media.

5.3 Pactors Influencing the Effective Diffusivity of
Glucose in Cell-Free Alginate Gels
The effect of temperature, glucose concentration and
the c?mpositibn of algfnate gels on thg De and Kp values of
glucose in cell-free alginate matrices were systemétically
studied as described in this section. All diffysivity
measurements were made using'the novel diffusion apparatus

which was operated under condifipns of near ideal mixing -and
.’



L

negligible film mass transfer resistance as discussed In

Section S5.1.

5.3.1 The Bffect of Temperature
-

To date, 1o all the gqualitative and quantitative

studies of solute diffusion in Ca-alginate gels, no attempt

1 o , 2
;&has been made to gyamine the dependence of D, on temperature

»

despate the attention it deserves.

The influéncg\hi\i:mperature (20°C to 50°C) on the *;:h
_effective diffusivity o .glucose in Ca-alginate beads was

therefore studied with the initial 'cold' glucose concent-
ratign in the liquid phase (Ci) of 20 kg. m 3. Ca-

algin;te beads were prepared using a 2% Na-alginate solution
(Sample. #17, Fisher Chemicals) and 4% CaCl, as the chelating
agent. The volume fraction of alginate (}) in the sphericai
gel matrix was found tS be 0.031 which corresponds to a void
fraction (¢ =1 - A ) of 0.969.

The'effect of teméera?ure*on the experimental K_ and De
values of glucose in Ca-alginate beads and the correspondihg
diffusivity varues of glucose in water (calculated using
Equation 5.17) are listed in Table 5.6. Thus, -as shoxn in
Table 5.6, the partition coefficient remains unchanged (0.99
+ 6.01) whereas. the effective diffusivity increases over the
entire temperature range studied.

In general, the increase in solute mobility with tem-

perature is somewhat greater in gel matrices than in aqueous
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solutions (Soldano, 1953). The D_/D values listed in Table
S.6 appear to increase with temperature. It 1s, therefore,
quite likely that at higher temperatures, (> SOOC), the De/D
ratico may appreoach unity. This phenomenon has been fre-
guently observed.(Soldano, 1953; Helfferiéh, 1962) and it 1is
believed that the retarding interactions between the solute
and the gel matrix become weaker, and the matrix becomes

more flexible, with increase 1n temperature.

< v

5.3.1.1 Activation Energy for Diffusion of Glucose in
* -~ .

Cell-Free Ca-Alginate Matrix

- ()
-~

Tﬁe'temperature dependence of De for diffusion of glu-
cose in Ca-alginate gel follows the typical Arrhenius rela-
tionship as shown in Figure 5.18. Fcllowing_non-linear
fegression analysis (Table 5.6) the activation energy for

diffusion of glucose in Ca-alginéte gel, Eag' was

determined to be 21.4 kJ.mol™} which is about 2.3 kJ.mo1 !
higher than the corresponding value i1a-water Lsa = 19.1
kJ.mol_l). However, the Arrhenius pre-exponential constant

(which ipcludes parameters such as the jump distance and a

packing factor) for diffusion of glucose in Ca-alginate gel

(Ag = 3.15 x 1078 m?.s7 1)

that for diffusion of glucose in water (A = 1,44 x 10
2.5-1

, was at least twice as high as
6

m ). The De values of glucose in Ca-alginate beads

suspended in dilute solutions (3 20 kg.m-3

using the Arrhenius retationship given by Equation 5.26.

———
-

) can be estimaged

20



Figure 5.18: The Arrhenius plot for diffusion of glucose in

-

cell-free Ca-alginate gel.
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Thus, for the temperature range of 20 to 50°¢,

D, = 3.15 x 1076 exp (-21.4/RT) 5.26
for which the coefficient of determination, r2, was 0.9925.
The reported values of Eag for diffusion of glucose in
. 4
different types of gels and membranes are listed in Table
5.7. The Ea value obtained in this study is moderately

g
higher than the activation energy for diffusion of glucose

1

in water (AE = E,_ - E, = 2.3 kJ.mol *). Similarly, Brown

9
et al. (1976) found that AE for diffusion of glucose in
hy%:oxyethyl cellulose gel (A = 0.037) was 4.0 kJ.mol + in
the temperature range of 25 to 35°C. 1In other studies, AE
values haQe been found to be insignificant during diffwmsion
of'vagious sélutes in dextran gels, A = 0.1% (Horowitz and
Fenichel, 1964); diffusion bf glycerol ané PEG 600 in poly-
‘acrylamide gel; A = 0.16 (Brown and Johnsen, 198la; 1981lb};
and diffusion of a number of chlorides in agar gels, A =
0.003 (Stiles, }923). ~

Similarity i; Ea and Eag values indicates that the
resistance to diffusion in the gel matrix is dictated by
solute—sdlvent interactions, whefeas the polymer simply im-
poses a more tortuous diffusion path (Muhr and Blanshard,
1982). -

Nguyen and Luong (1986) recently reported that the De

values of glucose is 3% x-carrageenan gel remained unchanged

when the temperature was increased from 10 to 25°C. This
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was folléwed by a linear increase in diffusivity values when
the temperature was raised from 25 to 34°c.
' Brown and Chitumbo (1975b) have reported sharp discon-
tinuities in the Arrhenius plots for diffusion of glucose in
polyacrylamide and cellulose gels. The Eag values below 25°
were considerably lower than that fgr free-diffusion, while
above 25°C, gag exceeded Ea by an equivalent amount. These
excéptional results were interpreted as being caused by a
sharp increase in the mobility of polymer chains at 25°c.
This phenomenon is analogous to the sharp increase in acti-
vation energies found for diffusion of gases and solvents
through polymers at their glass transition temperatypre.
Tﬁus, at this tradéitién temperature, more enefgy is re~
quired to form 'pores' in between the mobile polymer chains
for the diffusing molecules, rather than for diffusive jumps
taking place between existing 'pofes' (Manéon and Ch;&,
1973) . glthough there is some evidence fqr a second order
transision temperature of 25°C for éelluldsic polymers
(Brown et al., 1976) there is no indication that a similar
phenomenon occurs during solute diffusion-in polyacrylamidé:‘
and XK-carrageenan gels at 25°c.

In this.work, no discontinuity in %“;values was ob-
served for diffuﬁion of glucose in Ca-alginate g€l over a

temperature range of 20 to 50°¢c.

5.3.2 Bffect of Glucose Concentration

213




In applying Egmuation 3.60 it was assumed that the De
‘'value remains constant. Although.this assumption is valid
for dilute solutions, the De value changes during diffusi-
vity measurement when the alginate bead is immersed in con-
centrated solutions. It is therafore important to emphasize
that Fhe De values obtained in this study at high initial
concentrations of glucose (> 20 kg.m-B) are only average
values which in.tdrn 5épend on the solute concentration
changg that "'occurs in the ligquid and gel phase. All D
values;uereiaetermined at 30°C.

Figure 5.19 shows that the equilibrium partition co-
efficient of glucose in Ca-alginate gel remains unchanged
when 'the initial glucose concentration in the liquid phase
is increased from 3.0 to 300 kg.m;3. This phenomenon is
generally expected for systems exhibiting a linear adsorp-
tion isotherm (Satterfield et al., 1973).

At loQ initial concentrations of glucose (C, & 20

L
-3

kg.m ), there is virtually no change in the De values as

shown in Figure 5.20. This has-also been found to be the
case for diffusion of glucose in agar (Schantz and Lauffer,
1962) and cellulose gels. (Brown and Chitumbo, 1975a).

However, over the entire glucose concentration range of

Ld
3.0 to 300 kg.m-3 an exponential decrease in De values

resulted as shown in Figure 5.21. Using non-linear regres-

sion analysis of the data listed in Table 5.8, the bestffit

exponential relationship could be expressed by the foilowing

*

equations

214



Figure 5.19:

-

Effect of glucose concentration on the equili-
brium partition coefficient in cell-free Ca-

alginate beads.
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Figure 5.20: Effective diffusivity of glucose in Ca-alginate

. beads at low solute concentrations (Ci € 20 kg.”

.t . - m_3) .
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Figure 5.21: Effect of high glucose concentration on the

effective diffﬁsi&ity in cell-free Ca-élgxnate

P

beads at 30°C.
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o, = 6.83 x 10710 exp (-1.59 x 1073 < 5.27
or, generally,

Dy = D, , exp (-byo CE) s.?e
whére, De,o 1s the effective diffusivity of glucose in Ca-

alginate gel at infinite dilution and bT 1s the temperature

G
dependent exponential constant. The coefficient of déter-
mination for the above relationship was found to be 0.9843.
Incidentally, Equation 5.28 is analogous to Equation S5.18
which relates the free-phase diffuéivity'of glucose as a
function of its csncentration.

It is interesting to note that the exponential con-"'
stant, bTG' in Equation 5.27 is of the same magnitude as the
corresponding value PT (calculated using Equation 5.22), for
difﬁusion:of glucose in water at 303 K, Additionally, Athe
fractional decrease in the effective diffusivity of glucose
De/D' was found to remain constant (see Table 5.8) over the
entire glucose concentration range studied (i.e. De/D =
0.907 + 0.018). Furthermore, the ratio De,o/Dpr at infi-
nite dilution was calculated to be 0.913, whereas the De/D
values at temperatures of 25 to-QOOb (see Table 5.6) were
found to be 0.908 (+ 0.010).

‘Based on the abovg observations, the following general
correlation may be used to predict the effective diffusivity

of glucose in cell-free Ca-Alginate beads.” Thus,

[}

22




De = 0.?1D ' 5.29

3 and T = 25° (298 K) to 40°¢C

only when C: = 0 to 300 kg.m
(313K). Substitution of Equations 5.17 or 5.24 into Egqua-

tion 5.29 leads to the following working correlations for

predicting De' Accordingly, -

L

-6 (0.00248RT - 0.01028)C_- 18.89 5. 30
Dé = 1.24 x 10 exp '
RT

or,

€ 5 3

D, = 1.24 x 107° exp [cL<1.22x10' T -°5.29x10" )—118.89/§¢)]

5.31

Substantial decreases in De values with increase in
solute concentration has also been reported by other
workers. For instance, Nguyen and Luong (1986) observed
that the decrease in De of glucose in 3% x-carrageenan gel,

at 30°C, correlated well with the following equation. Thus,

0.~0.106
De = De,o(CL)

10 _2 -1

where D,  was found to be 5.80 x 100" m°.s .

A

Similarly, decrease in De values of glucose and sucrose

in cellulosic membranes has been reported by Spriggs and
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Gainer (l9f3), whereas Furui and Yamashita (1985) observed a
significant reduction in D, values for organic acids and
amino acids diffusiné in x-carrageenan ;hd polyacrylamide
gelswith increase in solute concentration. |

Hannoun and Stephanopoulos (1986) have, however, shown
that the De values in Ca-alginate do not decrease appre-
ciably even at’glucose concentrations of 100 kg.m-3.
Similarly, Tanaka et al. (1984) did not observe any change
in the diffusivity values in 2% Ca-alginate beads when the
initial concentration of glucose was increased from 5.0 to
300 kg.m-3. Contrary to expectations, these resu;ts imply
tha; the De value of glucose at high concentrations exceed
the'corresponding values for diffusion of glucose in water.
As shown in Section 5.2.2 and literature data {(Gladden and
Dole, 1953; Dadenkova et al., 1973; Friedman and Carpenter,
1939), the latter decreases exponentially with glucose con-
centration. Thus, according to the data of Tanaka et al.
3

(1984), when ci =. 300 kg.m

a value of 1.50. Enhanced diffusion rates, (De/D = 2.0)

. the ratio De/D corresponds to

have also been reported fdr diffusion of glUcose in hyalu-
ronic acid matrix (Hadler, 1980), whereas more recent
studies by Norton et al. (1982) have cast doubt on the
reliability of these data.

; In generél values of De/D >1.0 can only be explained
if significaﬁt_changés occur in the p}opetties of water im-
bibed in the matrix (Metzner, 1965). For aqueous gels,

Derbyshire and Duff (1974) have shown that the properties of
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bulk water in the gel are similar to that of pure water.
v

5.3.3 Applications of Literature Correlations
L 4

‘Several correlations have been proposed to predict the
effective diffusivity of a solute in polymeric gels and mem-
branes. Four different theoretical approaches have been
used to derive the final predictive equations. Accordingly,
these correlations are based on: |
(i) Absolute rate theory
(ii) Obstruction effects ."

(iii) Fibre matrix model

(iv) Pore diffusion model

The validity of the vaijpus correlations, for predict-
ing De values of glucose in Ca-alginate éeis, was there-
fore tested by calculating the percentage deviation defined

by Equation S5.31 -

N . ' <1/2

[ 2
' [De]pged K [De]exp
% Deviation = (D]




where N is the number of data pairs used. The experimental

De values ([De]exp) listed " Tables 5.6 (effect of tempera-
—‘;ure) and 5.8 (effect of glucose‘concentration)-were used
for comparison with the corresponding predicted-;alues i[Del
pred). Free phase diffusivities of glucose were calculated
using the ;;trelations developed in Section 5.2.1 (équation

5.17) or Section 5.2.2 (Equation 5.24), both of which give

identical values of D.
5.3.3.1 Eyring's Absclute Rate Theory

The absolute rate theory provides a general approach
for the description of many- non-equilibrium processes such
as diffusion. In this theory, if 1is assumed'that the diffu-
sion process takes place in a series of aqpivated steps or
jumps. Thus, a éolute mo}eculg will procgéd in the general
qirection of lower chemical potential and comes to rest at a
number of equilibrium positions. 1In order to make a diffu-

sive jump, a molecule must obtain significant energy to

~—

overcome attractive forces holding it to its neighbouring'
molecules, and also a vacant site must be available ;259
which ié can jump. Furthermore, it is assuffed that there is
equilibrium between a moleculg in its restiﬁg position And.
that same mole;ule in its activateé state. The rate of dif-
fusion is then controlled by the breakdown of this aptivated
state (Glasstone et al., 1941).

Based on the above, the diffusivity of a solute A

-

2 2 ¢



through a medium B (DAB) is given by the following equation_

- AG

* AB .
Dy = Dyp expl- —=2) '5.32
AB AB ’RT

* B
where DAB‘is a group containing the jump distance and a

packing factor and AG, g is the Gibbs energy of diffusion

which is defined by Equation 5.33

AGAé = EAB + APV - ATSAB 5.33

where EAB is the activation energy for diffusion of species

‘A through species B, SAB is the entropy of activation, and
APV = 0 since the vplume change during the diffusion process
in a constant pressure solid-liquid system is negligible.

The. quantities E,  and S, are closely related.  Thus, the

AB
activation energy, EAB' is the energy required to open a
hole far the diffusing molecule to.enter plus the energy re-
quired for the molecule to make that move. Likewise, the

entropy of activation, S is the entropy change associated

AB'
with hole formation and molecule diffusion.

Following systematic theoretical and experimental
studigs,-SpFiggs and Gainer (1973) developed the following
correlation (Bquation'5.34) for predicting effective diffu-

sivities of low molecular weight solutes (glucose, sucrose,

urea) in hdmogeneous swollen cellulosic membranes.
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D = D.exp | - 03 — 5.34

5
K J

where, 0.3 {s a constant relating the entropy of activation
to the energy of activation. .

Knowing the diffusion coefficient (D) and activation
energy (E_) for diffusion of glucbse in water (calculated
using Equations 5.17 and 5.13, respectively) and taking the
volume fraction of alginate in the gel (\) to. be 0L031,‘the
effective diffusivity was calculated (using Equation 5.34)
as a function of temperature and concentration. The pre-
dicted De valuesiﬁre shown as curve A in Pigurés $.22 and

-35.23, reébectiVely. The corresponding experimental Dé

values are also'pfétted in Figures 5.22 and 5.23 indicating
that Equat}on 5.34 gives a reasonably good estimate of De'
Furthermoge, the percentage dév;ation of the prddicted .-
values from the experimental data, was determined to be

7.37%.

5.3.3.2 Obstruction Effects

Correlations based on the obstruction phenomenon arise
by virtue of the increased path length in the gel when com-
pared to an equivalent thickness of ‘pure solvent. 1In porous
media, this mean increase in path length is referred to as

tortuosity. In, these correlations it is generally assumed



Figure 5.22:

Experimental and predicted valu of De plotted
as a function of temperature Q). expei_&imental
values; (——) predicted values; curve A, Equa-
tions 5.34 or 5.36; curQe B, Equations 5.37 or
5.38; curve C, Equations 5.35, 5.39 or 5.42;

’

curve D, best-fit model equation developed in

this study, and given by Eduations 5.30 or 5.31]
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Figure 5.23:

“Equations 5:30 or S5.31}.

<

Exéerimenta}'and predicted values of De
plotted as a function of glucose concentration
({(@), experimental values; .(.—) predicted -
values; cur%e A, Egquations.5.34 or 5.36;. curve

B, Equations 5.37 or 5.58; curve C, Equations

. 5.35, S.39 or 5.42; curve D, best-fit model

equation deveéloped in tRis study and given by

~
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that there aré no specific interactions between the polymer
and a given solﬁtg. Furthermore, the ratio De/D is defined
by a simple function of the polymer volume fraction, ! (or
the void volume, € = 1 - ). Hence this ratio should be the
same for all mobile species in all gels of equal void
volume. Some correlations basgd on éhe above will be em-
ployed to estimate the effective diffusivity of glucose in
Ca-alginate gel.’

The most widely used egquation is that by Mackie and

Meares (1955). Accordingly,

* 1 - X 2 i1
D = D i 5-35
~e 1 + A ', '

The predicted De values are plotted as curve C in Figures

5.22 and 5.23. The correlation give; a better estimate of
De than that due to the absolute rate theory (Equation 5.34)
with a percentage deviation of less than 4%. - ééuation 5.35
has also been shown to give reliable estimates of De for
glucose and other oligosaccharides diffusing in cellulosic
gels and membranes (Brown and Johnsen, 1981lb). However, for

diffusion in polyacrylamide (Brown and Johnsen, 198la) and

hydroiyethylcellulose gels (Brown et al., 1976) the correla-

tion of Mackie and Meares, (1955) substantially overesti-

mates D,. - Thus, the ‘obstruction effect' may be only partly

responsible for reducing the diffusion rates in such gels.

Other correlations are based on Fricke's equation which

-
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, .
was originally suggested in 1924 (Muhr and Blanshard, 1982).

Thus,

or

D

1 + )\/2

[y

Equations 5.36'and 5.37 are represented by curves A and_ﬂ)

respectively in Figures 5.22 and 5.23. Eguation 5.36 give§5.:'

a better estimate of De (% deviation = 7.2%) thapn tﬁe alter-
nate solution (Equation S.37; % deviation = 10.5%).

Lauffer (1961) proposed the following equation for pre-

dicting De . ' :

D «
D = ' . ' 5038
[l + (a-1)A) .

where g = 5/3 for randomly orifnted polymer fibres. As in

the case of Equation 5.37 this cogrelation (curvé B) is not

as rellable as that proposéd by Mackie and Meares (1955).

However, Schantz and Lauffer (1962) successfully predicted
“'De of proteins and other solutes in 1.5% agar qels.

More recently, Klein and Schi:a.(}QSI) proposed that
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the effective diffusivity of small solutes t(such as glucose
and oxygen) in immobilization supports, may be estimated

.

using Equation 5.39 .

Dy = D.exp (- al) - . - 5.39
where a = 4 for séall mdlecules (Klein and ﬁadécke,:i982)
This correlation (plotted as Curve C) also gav; a\good gsti-

- mate of D, for glucose dlffusxng in Ca-algxnate gel aﬁd has
been found to be applicable for qlucose, oxygen and otber
larger solutes (provided the parameter fg' 18 xnereased Jap--
propriately) diffusing in ch1tosan (Klexn and Hanecke, l?SZq
and polyacrylamxde ({lexn and Schara, 1981) gels Unllke":"

Voa -t .
. -

other obstructhn models Equatxon 5-39 takes 1nto accounq - ;

L < R

the size of the dlffusxngvspecxes by . 1ncorpotat1ng.a co-

L Aeff1c1ent ta' in the corcelatton.,“ }'i‘;,'

- .

b

©'5.3.3.3 Pibre Matrix Moder . 1 ., v

. ) The most commom. fzbre matrix model LS that suggested by -
Ogston (1958). In thls tbeoretical model, the Qel is: trea:-

s ed as a three-dxmensxonal network of rxgxd fxbtes, tandomly

dxstrxbuted and infinitely 1ong. The." par;ztxon coeff1c¢eﬁt

of a solute is assumed tao be detfnuned by the space avaxl-_
able to the molecules in the gel- network Acqord;ng to thel

- Ogston. theory, the ratic D /D is predxcted by

\S ]
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De/D = expl[-n L

(rf + rs)] 5.40

where L is the concentration of the fibre in the gel expres-

3

sed as cm fibre/cm”, re is the radius of the fibre and rs is

the Stokes radius of the solute.

If the glucose molecule is considered to be sphe:ical
the partition eeefficient can be calculated from an equa-
"tion given by Qgston (1958).and modified by Laurent (1967).
Thhsk

K = expl-rL (r_ + r )2] 5.41

P £ s .

Since the values L and re are not available for algi-
nate gels, Equations 5.40 and 5.41 have little practical
use, in their oéiginal ﬁsrm. However, by combinihg these

two equations (Sellen, 1980), it can 'be shown that

_»xp = expl-(2n De/D)Z] | '5.42
This relationship is plotted in Figure 5.24. Y

. Based on the da;a presented in Tables 5.6 and 5.8, the

average partition coefficient of glucose in Ca-alginate gel

was galcﬁlated to be 0.985 (+ 0.018). Usingenon-linear re-

gression analysis and the’least-squargs metho? this Kp value

corresponds to a Dé/D ratio of 0.886 which is very similar

to the’expefimentally determined value of 0.91 (see Egquation
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Figure 5.24: Ratio of De/D plotted as a function of Kp

based on Ogston's Theory (Eguation 5.42).

' ’
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5.29). The best-fit model equation based on actual experi- -
mental data (Equation-5.30 or Equation 5.31) 1s plotted as
curve D in Figures 5.22 and 5.23, whereas that due to the
Ogston theory (Equation 5.42, when De/D = 0.886) is repre- -
sented by curve C indicating ﬁhat +he latter can reliably
estimate De of glucose in Ca-alginate gel (% deviatian'<
3.05). |

The Ogston expression for De/D also compares fadourably
with the d;ta of White and Dorion (1961) for diffusion of
sucrose in polyacrylamide gels at low A (A < 0.05) but pro-
gressively overestimates 0;76 for larger value of A. Also,
even at low A, Equation 5.42 overestimates De/D for diéfu-
usion of glucose in hydroxyethylcellulose gel (Brown et al.,
1976). <

As in the case of the 'obstructiqn effect', the fibre-
matrix model also assumes that the pore-ﬁéll does not retard
the mobility of the solute molecules within the gel. This

simplification may be responsible for the occasional failure

of these two models in accurately'szaicting D, -

. ' . -
5.3.3.4 Pore Diffusion Mcdel

-

The concept of the pore diffusion modgl is based on two
different phenomena. The first, originally describeé by ‘
FPerry (1936) establishes the condition that for entrance in-

» tOo a pore, a solute molecu;e mus; pasé thtoﬁgh the opening

without striking the edge. The centre of the molecule must,




?;/3.

-
"~ 4

4

therefore, pass through a circle of radius (rp - rs) within-
the mouth of the pore, in which fp is the pore radius and r
is that of a solute molecd‘g.- This exclusion effect is
shown schematically in Figure 5.25. At equilibrium, a con-
centration distribution will develop between the pore and

// the bulk solution and this is given by the following equa-

,// . tion ’

rS
K. = l - — . 5.43
P r

p .

<

The second factor corrects for the increase in hydrody-

namic drag as the solute molecule traverses a pore, analo-
gous to the increase in drag on a sphere falling in a capil-

lary tube of comparable diameter (Lane, 1950). The drag

efEecE results in decrease in the diffusivity of a solute by

the factor, fd:

’ rs S ) rg rg >
fd N 2.104} — + 2.09] —|{- 0.95] — 5.44

r r r.
P P-4« P

o

The total restriction to diffusion, due to the combined
effects of the exclusion effect (Equation 5.43) and hydro-

dynamic drag within the poies (Equation 5.44) is given by

.
4

Equation 5.45 (Renkin, 1954)

-
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Figure 5.25: Cylindrical model of a pore showing the

'exclusion effect! according to Ferry (1936).
Adapted frq‘ Beck and Schultz, 1972.

ae’







A\ .
D r_° r r r
£ =11 -[-—3-] I - 2.104[—§]+ 2.09[ S| - 0.95[—5
D rp . Ty . rp T
' 5.45

The validity of this equation has been verified experi-
mentally by Beck and Schultz (1972) who measured the- diffu-
sivities of molecular solutes through thin, etched mica-
membranes containing stra{ght,pores of well defined geometry
and narrow pore size distribution with diaméters rénging
from9 to 60 nm. Their data correlated extremely well es-
pec}ally in the range 0 < rs/rp < 0.2.

For rs/rp ranging from 0 to 0.15, the corresponding
values of .D_ /D are plotted in Figure 5.26. Thus, from known
p&re size of the gel matrix, the effective diffusiviﬁy of a
given solute may be predicted from Figure 5.26. COnvgrgely,
the pore size may be estimated from diffusivity data;

Based on the studies reporte8 earlier (Section 5.3.2),
the ratio Qe/D for glucose diffusing in Ca-alginate gel was
found tg be 0.91. This corresponds to an estimated rs/rp
value of 0.021. Using the Stokes-Einstein equégion

(Geankoplis, 1983) the molecﬁiar radius of a glucose mole-

Y
cule was calculated t9,1E?ﬂL.36 nm . Thd},

RT

[

la ]
[}
w
-9
[e)]

6nuDo N

where u is the viscosity of water, D, is the diffusion co-

3 -

efficient of glucose in an infinitely dilute aqueous solu-

-

J
4

-~
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Figure 5.26: Ratio of effective diffusivity to free phase
diffusivity (De/D) of a solute molecule with
radius r diffusing throuwgh pores of.radius,
t
rp (Calculated using Eguation 5.45).
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£
.

ticn, and N is thé Avogadro’'s number (6.022 x"lO23 mol

Consequently, the mean pore diameter in Ca-aléinate ge s
~

estimated to be 34 nm.

.

IN_,J Using size exclusion chromatography and Ca-algfnate
]
. gels prepared fraom concentrated Na-alginate solutions (up to

7% w/w), Klein et al., (1983) determined the pore diameters

. be approximately 6 to 17 nm. Mackie et al. (1977) estimated

-

the pore sizes in dilute Ca-alginate gels (0.5% w/v) to be
at least 100 nm. Thus, the value of 34 nm determined in
. thig study appears to be a reliable estimate for the pore

diameter, dp; in Ca-alginate gel prepared from a 2% (w/v),

~—

g .
Na-alginate solution.

In subsequent sections, the validity of various cor-
<3

relations presented above will be compared with experimental

data for diffusion of glucose in a wide varigty-of'alginate

gels with or without ®ntrapped yeast cells.
LN

-

5.3.4 Effect of Chelatipg Agent Type and Concentration

-~

As discussed in Chapter 2, the type and concentration

of chelat;dd agents has a profound influence on the proper-

-

4 ties of alginate gels. Since, CaCl, and BaClé have been,

2
‘frequently used for. preparing aldginate immobilization ma-

.

trices, the diffusivity characteristics of glucose in Ca-
and Ba-alginate gels was examined with respgct to the copn-
centration of the gelling agents.

s e

ﬁa-alginate, supplied by Fisher Chemicals (sample 017)‘.f

.

-



’

’

was used in this study and large Ca- and Ba-alginate spheri-
-

cal beads prepared as before (Section 5.3.1) except that

gelation was carried out by using 5, 20, 40, or 80 kg. m-3

solutions of either CaCl2 or BaClz. All De values were

determined at 30°C with the initial 'cold’ glucose concen-

tration of 20 kg. m 3.

Figure 5.27 shows that with CaC12 as the gelling agent,

-
the D! values do not decrease as thg concentration of CaCl2

is raised from 5 to 40 kg. m~>. However, a significant

(12%) drep in the effective diffusivity of glucose is obser-

ved at the highest concentration of CaCl, (80 kg. m-31.

.Other studies have also reported insignificant changes in De
values of glucose (Tanaka et al., 1984), and release rates

of NAD and haemoglobin (Kiers™n et al., 1982) from Ca-

alginate gel when the concentration of CaCl2 was increased

-3 3

from 50 mM (5.5 kg. m °) to 500 mM (55 kg. m °).

With BaCl2 as ihe gelling agent, a lineAr decrease in
De values wasjobserved (Figure 5.27) over the entire concen-
tration range (5 to 80 kg. m~3). additionally, at all con-
centrations, the effective diffusivity of glucose in Ba-=
alginate gels, was significantly ;ower than Fhat iM Ca-
alginate gels. kierstan et al. (1982) also obsérveg slower
release rates of ékb,and Haemoglépin when Bacl2 was used as
the gellin; agent instead of Gatlz. Thepe.diffe;ences‘iq D
values of glucose may be attrﬂ&g@ed to the.highe; affinicy

2+ g

of Ba ions for the alginate polymer'(Sectioh_2.4.l).

From known D_/D values (listed in Table C-.2, Appendix)

e

24
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Figure 5.27: Effect of chelating agent concentration on

' effective diffusivity of glucose (@, CaCl,:

O, BaClZ) and pore size (B, CaClZ; a. BaCl-z-:) ) \
N . .
in calcium and barium alginate gels.
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'
the mean pore diameteY in Ca- and Ba-alginate gels was esti-

mated using the Renkin equation (see Figure 5.26 and Equa-

. ]
tion 5.45) and plotted as a function of the chelating agent

concentrétion as shown in Figure 5.27. Thus, as the concen-
tration of CaCl2 and BaClz'is increased, strohger binding
forces between adjacent chains of 'the alginate polymer re-
sult (Smidsrod, 197;), causing a reduction in pore sizes
(Thiele and Hallich, K 1957) within the alginate matrix.

s Furthermo}e, as the alginate matrix becomes more tight-
ly cross-linked, contraction of the gel volume due éo s&ne-
risi; also. occurs {Section 2.;.2), and consequently, the
final éoncentratibn of alginate within the gel increases.

As shown in Figure 5.28, for a fixed concentration of Na- .
alginaﬁe in solution (I 17kg Dﬁ/m3 of solution) the concen-
tration of alginate is higher in Ba-alginate gél, and in-

creases as the concentration of CaCl, and BaC!.2 is

‘increased. Figure 5.29 shows that the decrease in De values

<
and pore jfliameters, can be attributed to the relative in-
: s
crease in the concentration of alginate in the gel matrix,

which in turn depends on the type and concengtation of* the

L]
0 . .

q'gelling agent.

¢

Thus, in order to minimize intraparticle ‘diffusional

resistances in alginate matrices u. of dilute eac12 (€ 40

3 3

kg. m“°) and BaCl (< 5 kg. m ~) solutions for cell immobili-

zdtion would be desirable. Pufthermore, with dilute solu-

tions of CaCl, and BaCl the,ibxic effects of these

2 Nl
cheiatin§ agentsfqn.immdbilized viable cells can be mini-

- L}



Figure 5.28: Effect of che]eating agent type (@ CaCl

alginate concentration in the gel.

2'?

OBaClz) and concentration on the final
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Figure 5.29:

Effective diffusivity of glucose (@ Q) and

-

mean pore diameter (f,[J), in Ca-alginate

. (@.8) and Ba-alginate (Q,[]) gels, plotted as

a function of alginate concentration in the gel.
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mized.

mechanical stabxllty characteristics (Smldsrod

higher rates of cell leakage may be anticipated (Cheetham et

s

al., 1979).

~

5.3.5

From the total of 16 different commercial samples of

Na-alginates listed in the Table 4.1,

further study based on their differences in guluronic acid

content and degree of polymerization DP) as shown in the

table below:

”

Increase in

Bffect of Alginate Type and Concentration

255

However, such gels are less likely to have good

1974) and .

five were selected for v

«

Increase

Guluronic Acid Content

> ) .
in

Low guluronic High guluronic

Degree of

N acid content

acid content , Polymerization
‘ (G = 40%) (G = 70%)

Very low DP Sample not

(DP = 525) #l available

Low DP Sample Sample -

A (DP = 1,200) $9 ' $15 .
High DP Sample Sample’ |
(DP = 3,050) $13 . #4 : . v

o . ,

The- followiny éoncentrationé.of Na-alginate solutions

ware prepared for gel formatxon degendxng on the type of

.alglnate used: T ' '
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Sample # 1

[

120, 160, .and 200 kg.m >

sample ¢ 9 : 20, 40, and 60 kg.m >

Sample # 15 : 40, 60, and 80 kg.m >

Sample # 13 : 20 kg.m > ’
3

Sample # 4

.20 and 40 kg.m

Thus, a total of 12 different Na-alginate solutions were
used for gel formation, differing in their guluronic acid

content (G-content), degree of polymerization (DP) and con-

cén;ration. Calcium chloride (40 kg. m_3) was, employed as

» P T |

the gelling agent for preparing large Ca-afginate beads
using the various Na-alginate solutions listed above. All
diffusivity measurements were carried out at 30°C with an

initial 'cold’ glucose concentration of 20 kg. m 3.

In Figure 5.30, HKe effective diffusivity o;\aiucose is
plitted as a faunction of Na-alginate concentration (i.e.
‘before gelation). When, DP exceeds 1200 (plot 1) the De
values do no£ appear to differ in alginate gels containing
different amounts of guluronic acid. Thus, with the excep-
tion of samplé #i (plot 2) the De values in all other Ca-
alginate gels can be expressed by the following linear
aquation (r > 0.96)

10 12 .

D, = (7.06 x 10°°7) - (2.32 x 10 *%)e 5.47

e .

where, ¢ is the concentration of Na-alginate in solution

3 of solution), The above équation

prior to gelation (kg.m



~
N

N
\
Figure 5.30: Effect of Na-alginate concentration in solutio\;

on the effective diffusivity of E;lucose (A, -~
. ‘/‘ .

sample #1;(Q, sample #9; ], sample #13; @ ,

sample #15; [ . sample #4). See text for ex-

planation of different plots.
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. value of glucose in Ca-alginate gel prepared from a 120 kg.

\ 259

[ 4

¢ Y
is walid only for Na-alginates with DP ranging from 1200 to J

-

3000 and a guluronic acid content of 40 to 70 percent. Na-
alginates possessing these characteristics are commonly used

for cell ‘immobilization (Klein et al., 1983) whereas Na- ~

alginates of the type represented by sample #1 are used a;i
thickeners in the food industry (McDowell, 1977)._ Thus,

with sample #1, stable Ca-alginate beads could only be

prepared when the concentration of Na-alginate solution

exceeded 120 kg. m >. Figure 5.30 also shows that the O,

m™3 solution of sample #1 is substantially higher (> 42%)
than the extrapolaéed De value (represented by the broken
line) at 120 kg. m™3 in other Ca-alginate gels. High D,
value in alginate #1 may be attributed to the more open pore
structure ahd féwer cr635olinks between adjacent alginate
chains which is cha'ra'cteri stic for Na-alginates with a very
low DP and low G content (Smidsrod, 1974).

Since synerisis commoqu occurs during gel formation

/

(Section 2.4.2), the concentration of Na-alginate may not

truly represent the actual concentration of Ca-alginate
within the gel: <
In Figure 5.31, the effective diffusivity of glucose
was therefore plotted as a function o? Ca-alg%nate concen-
tration in the gel (qg). Aé before, tﬁe De values decreased ’

linearly with increase in Ca-alginate concentration in algi-

nates with DP = 1200 to 3000, (represented by plots 1 and 2

in Figure 5.31) and lower De.values—were obtained when the
.
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Figure 5.31:

Effect of Ca-alginate
effective diffusivity
#1;0, sample #9; (O ,
..

of different plots.

#15; sample #4).

concentration on the "

(A,
gample #13; @ .

ofrglucose sample
sample

»
See text for explanation

»
’
>
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G-content was high (plot 2). This was evident at high

concentrations of Ca;algxnate, whereas at low concentrations

(cg < S0 lﬂ:q.m"3 of gel), differences in'De values were not

significant as shown by plots 1 ang 2 in Figure 5.31. c _ ;
Thus, for alginates with DP ranging from 1,200 to- 3,000

. 2
(which are commonly used for cell immobilization) the

effective diffusi rity of glucose correlated well (r > 0.97)

-
-

with the following linear equations. When G = 708,

H ..'“.. . . . ° ' . c
D, = (7.65 x 10710 - (3.3 x 10‘12)cg - 5.48
and, when G = 40%, . ' ¥
. D, = (7.17 x 10710, - (1.9 x 10'12acg. 5.49

£
-

The best-fit linear equations are represented by plots 1
(Equation 5.49) and 2 (Equation 5.48) in Figure S.31.

Alternatively, Dé values of glucose in Ca-alginate gels
——/

. Ao
(1200 < De< 3000) could be estimated reasonably well using
the following linear eguation (élot 4, in Figure 5.31) when

thg.guldronic 8cid content is between 40 to 70%. Thus,
» T .

10 12

..o, = «(7.40 x 10710 - (2.6 x 107 ey 5.50
. .

-

in which the intercept (7.40 x 10710 n2 571y

is the effec-

a

tive diffusivity in the absence of the gel matrix (i.e. ¢

g
0 kg. m”3

) and corresponds to the diffusivity of glucose in



water (D = 7.30 x 10710 m%.s71). It must be noted that

Equation 5.50 will over estimate the De values in high-G
alginate gels and under estimate the corresponding values in
low-G alginate gels. Howéver, even at a Ca-alginate concen<
tration of 80 kg.m-B, the percentage error in elther case
was calculated to be less than 68%. -

Tanaka et al. (1984) did not observe any difference in
De values of glucos? and other high molecular:weight golutes‘ . b
(e.g. @ - lactoalbumin, MW = fS,GOO) when the concentration Nlih
~of Na-alginate was increased from 20 to 40 ég. m-3."Hqgf
ever,.Hannoun and Stephanopoulos (1986) reported ‘a signifie - -
cant decrease in De values of glucose and ethanol when the | -

concentration of Na-alginate was increased from 10 to 40 kg.

m 3. In othér qualitative studies, slower diffusion rates

of NAD, haemoglobin (Kierstan et al., 1982) and sucrose'

(Cheetham et al., 1979) have’ also been observed at higher

’
.

concentrations of alginate 1n the gel.

As in>§Eg present study, lower De values with increasg
- in gel concegzration has aléo been reported by other
workers. Thus, a linear decrease in D, values of glucose,
‘sucrose, oligodaccharides, and other low molecular weight @
solutes with increase in concentration of agar (Friedman,_’, 4
193Qb; Ackers and Steeqe,'l§62; Belton aﬁd Wilson, 1982;
Busk and Labuza, 1959), ‘gelatin (Friedman and Krammer, 1930; -
Busk and Labuza, 1959), cellulose acetate (Klemm and
Frxedman, 1932), hydroxyethyl cellulose (Brown et al., 1976),

carrageenan (Nguyen and Luong, 1986) and agarose {Belton and

o)




-wilson,rl982)-.h§§ also been observed. In highly cross-
linked gels such as polyacrylamide and dextran, the De
values of low molecular weight solutés decreased exponen-
tially as a function of gel ?oncentration (White ?nd Dorion,
1961 ﬁakanisﬂi et al., 1977; Brown and Johnsen, 1981b).
Incrégse in aldinate concentration has also. been re-
ported to significantly alter the kfnetic properties‘of en-
trapped viable and non-viable cells. For instance, Johansen

i / :
and Plink (I986) observed lower rates of sucrose inversion .

- ‘ . .
by immobilized non-viable cells of Saccharomyces cerevisiae

as the concentration of alginate was increased from 10 to 30
kg . m™3. A three-fold increase (20 to 60 kg. m-3l in
alkginate concentration also reduced the specific oxygen up-
take rate by immobilized miérobii} cells (Gosman Aﬁd Rehm;
1986). Similarly;'the rate of glucose oxidation to gluconic

acid by Ga-alginate entrapped cells of Gluconobacter oxydans

[ N - L
decreased with increase in the concentration of the gel .

(Tramper et al., 1981).

.
’

. . . - ,
Results presented in Figure 5.31 show that in alginate

gels with DP = 1200 to 3000, the guluronic acid. content,
r - ,

¢

may, to a lesser extent, influence the rate of solute frans- -

port in gels with a high congeﬁt;ation of Ca-é%éinaté.
?hus,'xigrstan et al. (1§8?) observed reduced e%fusion rates’
of haemoglobin from Ba—gqunate’gels as the gulurqnié acid
‘content was 1ngteaséa. However, Johansen and Flink (1986)
did not observe significant changes in the rates of sucrose’

- inversion ‘as the guluronic acid cdntent was increased from

264
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40 to 70%, when using dilute (20 kg. m >

) Ca-alginate gels.'
Similarly, the release rates of NAD from Ba-alginate gels,'
containing different amounts of guluronic acid, did not vary
appreciably (Kierstan et al., 1982).°

Since Ca-alginate gels with high G-content do not
significantly alter the De values of glucose and other low - .
molecular weight solutegy such gels should be preferentially,
used for'cell immobilization due to their superior mechani-
ical stability characteristics (see Section 2.4.4).

Most correlatioﬂs available in the literature, express
the effective solute diffusivity as a function of the poly-
mer volume fraction (A) in the gel. The validity of these
correlations (see Section S.3,.3) for estimating‘De valdes of
glucose &s a function of alginate volume fraction was -there-
fore tested as shown ih Figure 5.32.

fhe volume fraction of Ca-alginate in different types

of gels was determined as described in Section 4.5 and the

" corresponding values are listed in Table C.3 (Appendix C).

As shown in Figure 5.32, two distinct plots (#7 and #8),
based dn the eéxperimental data, result when De is expressed

in terms of the alginate volume fraction. - Plot 7 refers to

+
L]

alginate gels with a higﬁ guluronic acid content whereas,

——

plot 8 represents alginates with a low G-content. .

From Piguré §.32, it is apparent that the literaturé'
correlations (plotted as broken lines) given by p}ots ;1
(Equation 5.34\)"2 {Equation 5.36), #3 (équation 5S.37) and #4 . -

(Equation 5.38) substantially over-estimate the D, values of

3

- -



o3

\®

Figure 5.32: Application of literature correlations for pre-

dicting De values as a function of alginate

volume fraction in the gel [{(—), experimental

—

results; (---), }iterature correlations,

symbols are the same as in Figure 5.31; see
a

.text for explanation of each plot].

-
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glucose especially at high volume fractions of the alginate
polymer. Plots 5 and 6, representing Eguatjons 5.35 (Mackie
and Meares, 1955) and 5.39 (Klein ;RBSSCﬁ;;a} 1981) appear
to give better estimates of De‘ However, the experimental
De values (plot 7 and 8) deviate su?stantially from all the
predicted curves (at high X) indicating that the obstruséion
effect (or tortuosity, on which all the above correilations
are based) may not be éhe only factor responsible for
reduced diffusional rates at high concentrations of the
alginate polymer. Thus, at high alginate concentration§, the
influence of hydrodynamic drag may be §igni£icant, due to
reduced pore sizes.

-

Using Equation 5.45 (Renkin, 1954) and from known

values of D_ /D (Table C.3) the mean pore diameter in aif-

ferent alginate gels was estimated and the values plotted as

a functidn of alginate,concentration in Figure 5.33 (plots
l, 2 and 3). _

For alginates with 1200 < DP < 3000 and a qrcontent of
40 to 70%, the best-fit.dorrelation (plot 4 in Figure 5.33)

could be expréssed by Equation 5.51 (r > 0.95)

d_ = 37.3 - 0.35c 5.51
7
Thus, for a Ca-alginate concentration range of 30 to 80
kg/m3 of gel, the mean pore diameter decreases from 28 to 8
nm. Using size-exclusion chromatography Klein et al. (1983)

estimated the mean pore diameter in'various Ca-alginate gels

. 268
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Figure 5.33: Estimated mean pore diameter plotted as a
L '

function of Ca-alginate concentration.

(Symbols are the same as in Figure 5.31; see

text for explanation of each plqt).
T -

-
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(prepared from different types and ?oncehtratlons of Na-
alginate ‘solutions) to range-from 7 to 17nm. The pore-;T;eé
estimated in this §tudy using diffusivity data (i.e. De(D‘
values of glucose3 agree ver§‘well with tﬁe experimentally
measured values og-Kleip et alu‘(1983). Thus, the corrgla-
tion presented above.(gquatioh‘siél) may be used to estimate’
bore sizes 1n Ca-alginate éels provided that the polymer
concentration }n the gel (cg) is known.

Furthermore, if the size of the diffusing species is

known, then by using the Renkin equation (Equation 5.45) or

- . ‘ v
Figure 5-.26, the corgesponding De/D value may be determined

A

enabling one to obta!n a useful lst estimate of the effec-

tive diffusivity of a‘giken solute in Ca-alginate gel.
Studies reported in Sections 5.3.4 and 5.3.5 indicate

that the diffusivity of glucose (and other solutes) in Ca-,

alginate gels vary appreciably with the:type and concentra-

tion of both, the chelating agene and Na-alginate. 1In ‘the

[+] » .
rationale selection of the most suitable alginate entrapment
’

matrix, consid%’asion Should also be given to other para-
. k4

meters (see Cnapter 2)-such a¥ the mgchadical stability of

4

the gel, toxicity of'the cheldting agent used etc., in
addition to the dxffusxvxty characterxstics of the substrate

and product into and oJdt of the xmmobxlxzatlon matrxx
&



5.4 Bffective Diffusivity of Glucose in Ca-alginate Beads

Containing Entrapped Yeast Cells

As described in Sections 4.3.2 and 4.3.3, viable and

non-viable yeast cells were entrapped in Ca-alginate beads

using a 20 kg. m-3 solution of Na-alginate (sample #17,

-3 CaCl, solution as the

gelling agent. Unless otherwise stated, all De values were

Fisher Chemicals) and a 40 . kg. m

determined at 30°C. The initial 'cold' glucose concentra-

tion was kept constant at 20 kg. m 3.

’

o-4.1 Effect of Entrapped Yeast Cell Concentration

N ., -
» .

The partition coefficients and ggfective diffusivity of
glucose (De) were determined in Ca-alginate beads contain-
ing five different concentrations of non-viable yeast cells.
The results are summarized in Table C.4 (Appendix) and plot-
ted in Figures 5.34 a;d 5.35. The actual concentration of
yeast cells within the Ca-alginate matrix (c ) was determin-
ed as described in Section 4.6 and expressed in terms of kg
D.W cells/m3 of gel. )

Figure S.34 shows that the partition coefficient of

glucose decreased as a linear function of yeast cell concen-

‘tration and correlated well (r > 0.97) with the following

equation -
\

"+

K, = 0.983 - (6.63 x 1074 ¢ 5.51

P X

272
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Figure 5.34: Effect of entrapped veast cell concentration on

the partition coefficient of glucose
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Figure 5.35:

Effect of entrapped yeast cell concentration on

-

the effective diffusivity of glucose (@, ex-

perimental values, ——, best fit linear rela-
tionship glven by Eguation 5.52, ---, litera-

ture correlations as described i1n the text)
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el

) ponds.to the free-phase diffusivity of gfﬁcose-(7 30 x 10

&3

Partition coefficients of less than unity indicate that the

glucose molecule is not preferentially adsorbed by Ca-

b

.alginate beads containing entrapped yeast cells. Decrease

-

in Kp values with increase in cell colcentration m3y be

attributed to a reducnion in accessible gel-volume (i.e;
decrgagé in the void fraction, €).

Ag'ég;wn in Figure 5.35, with increase in cell concen-
traticn, the effective dxffusxvxty of glucose decreases, and

the relaixonshlp (shown as plot 1 in F1gure 5. 35) can be ex-

-

pressed by the followlng linear equation (r > 0.98)

[

D = (7.25 x 1070 - (2.25 x 107%%y e, 5.52

> .‘ s
.

)

Ir;Equation 5.52, the "i1ntercept v7.25 x iO-lo m%s-l) corres-

-10

m .S J‘) at the same temperature (30°C) and glucose concentra-°®
8 N -
tion (20 kg. m 3). .

Furul et al. (1985) also observed a linear decréase in
D, valpeé-of afmonium-fumarate diffusing in polyacrylamide

.

. and K-carraéeenan gels, as the concentration of entrapped E.

coli cells was increased. 1In other studies the De values-of ~ -
. - . >}
glutose in polyacryamide gek containin&~non7viablg cells of °

Streptomyces sp. (Taguchi et al., 191?3, and that °£ L-

'tryptophan in chitosan gelcyit%,entrapped E. coli cells

(Vorlop and Klein, 1983), alsd decreased with increase in
© - 0, °
entrapped cell concentration.
0 r

With the exception of the present study, no attempt has

-

) '
c [~]



L -]

Oy

LN

as yet been made to correlate the De value§ of glucose or
other sclutes as a function of entrapped éeil concentration
in alg}nate gels. be values lower than the. torresponding
free pﬂase diffusivities have however been reported for’aif;
fusion of sucrose and Xphimb{qe in Ca-alginate beads con-

-

t&lning entrapped. plant celSs (Pu and Yang; 1956). Cheetham

v

et al. (1979) observed slow rates of sud?ose Eransport in
Ca-alginate beads when non-viable cells were entrapped with-
in the_gel matrix whereas Hiemstra et al., (1983) reported

that the effective diffusivity gf oxygen in Ba-alginate gels

(containing Hansenula polymorphd cells) was only 25% of that

in water.

< -

In a recent study, Hannoun and Stéphanoppulps (1986)
did not observe any changes in the De_values of glucose and

p=3

ethanok when a low concentration of non-viable yeast cells
o

was entrépped in Ca-alginate membrane's. Due to problems
‘ »

L

associated with gel-rupture when using the conventidnal dif--

fusion cell, Hannoun and Stephanopoulos {1986)scould not

-study the-diffusivity characteristics'SE‘glucose and ethanol

[*

iq Ca-alginate gel at higher cell goncentrations.

»

Howevet, with highly cross-1linked gels such as poly- .

acrylamide, the conventional diffusion cell has been used
. , =4 * .
with some success for measuring De values "of phenol over a

wide range of polymer volume fractions-and cell loadings
(Klein and Schara, 1981). Thus:_ﬁlein and «co-workers,

(Klein and Schara,019§l; Klein and Manecke, 1982) suggested
N [
the following correlations ?Equations 5.53% and 5.54) for
° °
. [*]

2 .
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estimating Dé'values as a function of either -entrdpped cell.

A .
concentration (X9 or volume friction of celds (8)

De' = D.(1 - X)2 exp (-4 1) 8.53
- : '&_ »
and
. ,
D, = D. exp [-4 (% + &)] ' . T 07 5.5%4
where X is concentration of cells (in kg wet weight-per .

litre) and 8 is the volume fraction of entrapped celis de-
fined by Equaéion 4.12, and '4' is constaﬁt for low mole-
cular weight'solutes such as glucose. o
The validity of these correlations for estimating Dg

" values oflglucose in Ca-alginate gels was examined. 1In ap-
plying the above equations, the volume fraction of alginate
(1) was determined to be 0.033 (+ 0.004) whereas the voluﬁé
fraction of yeast cells (8) was calculated as described in
Section 4.6'. The concentration of enfrapped yeast cells on
a wet'weight basis (i.e. X kg wet weight/litre of gell was
estimated by assuming a water content of 80% in the-yéast
éélls (Bailey and Ollis, 1977). The values of X and B used
in the above correlations are listed in Table C.4

(Appendix).

The De values of glucose calculated by using Equations

5.53 and 5.54 are respectively represented by plots 2 and 3

P

in Figure 5.35. Thus, Equation 5.53 does not appear to be

L4
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suitable at all for estimating De values of glucose in —
Ca-alginate entrapment matrix, whereas Equation 5.54 gives
more reliable estimatgg of De'

The exponential constant "a = 4", \pas been selected by

‘'Klein and co-workers as a convenient factor, and is based on

correlation studies using highly cross-linked gels such as
chitosan (Klein and Manecke, 1982) and polyacrylamide (Klein

and Schara, 198l1). This constant may therefore_ not only

"depend on the solute molecular weight but also on the type

of immobilization matrix used. For instance, if the ex-
ponential constant in Equation 5.54 is takéﬁ to be 2.5 in-
stead of 4, thén the estimated De values (plot #4 in Figure
5.35) agree very well with the experimensfl data for diffu-
fusion of glucose in C&—alginate gel.

| Several studies conducted tg determine the diffusivity
characteristics of various solutes including, oxygen
(Mueller et al., 1966; Yano et al., '1961; Ngian and Lin, 7
1976; Bungay et al., 1969; Williamson and McCarty, 1976),
glucose (Matson And Characklis, 1976¢; Onuma et al., 1985),

sucrose (Dibdin, 1981l); and inulin (Takevossian, 1979)

through microbial films and aggregates have also reported

'De/D values of less than unity. Furthermore, in several of

the studies mentioned above, decrease in De values with in-
crease in cell densities' has been observed.
Based on the work reported in this section, and data

provided by other workers, one might anticipate reduced

-

specific reaction ratés at sufficiently high concentrations
A
!
|

{

- i
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. of entrapped cells. Thus, beyond a critical entrapped cell

concentration, the intraparticle mass transfer resistance
becomes the rate limiting-step in the overall reaction-rate
process (Johansen and Flink, 1986; Gosmann and Rehm, 1986;
Hiemstra et al., 1983). ’

In addition to cell concentration it is believed that
the type of migrobial cell and its structure may also in-
fluence the diffusivity_Sbaracteristics of a given solute
(Matson and Characklis, 1976). PFor instance, Pu and Yang
(1986) recently reported that the effective diffusivity of"

sucrose depended on the size of plant cells entrapped in Ca-

lginate beads.

o

LY

Another parameter that may affect the diffusivity
characteristics of a gel-entrapped cell system, is the pro-
duction and excretion of extracellular polysaccharides which
may further reduce the De values of a solute (Bailey and
Qllis, 1977). Thus, Matson and Characklis (1976) reported
that by varying the sluge age and carbon-nitrogen ratio in
growth media, the diffusivity values of glucose in ﬁicrogial
aggregates changed from 30 to 50% of its value in water.

Low De values were observed when a high C[N ratio (and high
glucose concentration) was used in the growth media which is
»

also known to enhance the biosynthesis of extracellular

polysaccharides. .
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5.4.2 Bffect of Temperature

The influence of temperature, on the effective diffu-
- :
sivity of glucose in Ca-alginate beads containing non-viable
yeast cells, was studied at temperatures of 20, 30, 40, and

50°C with a constant entrapped cell concentration of 118 kg

D.W/m3 of gel.

Aé‘shgwn in Figure 5.36, the De values i!E¥ease expo-
nentially with temperature and can be represented by the
Arrhenius relationship plotted in Figure 5.37. Using non-
linear regression analysis and the least-squares method, the

Arrhenius pre-exponential constant (Ag) and activation

energy (Ea ) for diffusion of glucose in Ca-alginate beads

g

" containing entrapped yeast cells were respectively calcula-

ted to be 2.17 x 1078 m2.57! and 21.10 kJ. mo1" L. Thus, the

_influence of temperature on De'values can be estimated using

the following Arrhenius equétion.

: N

D = 2.17 x 10°° exp {(-20.1/RT) 5.55

e

The Arrhenius parameters (Ag and Eag) for diffusion af

glucose in Ca-alginate gel with entrapped yeast cells are
comparable to the corresponding values in cell-free Ca- .

alginate gel (i.e”A_ = 3.15 x 107° m®.s™! and B, = 21.37

kJ. mol-l). Furthermore, as in the case of cell-free Ca-
alginaie gel (see Section 5.3.1.1), the activation energy

for diffusion of glucose in Ca-alginate beads with entrapped
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Figure 5.36: Effect of temperature on thg'effectlve diffu-

sivity of glucose in Ca-alginate gel containing

non-viable yeast cells at a concentration of

. 118 kg D.%./m> of gel. ‘ '
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Figure S.37:

The'Arrhenius plot used to determine the
actxVation energy for diff9§ion of glucose 1in
entrapped yeast cell Ca-alglnaﬁé beads

(cg = 118 kg D;w./m3 gel) .

&
»
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yeast cel.s does not differ substantially from the corres-

ponding value 1n water (AE = 2.0 kJ. mol_l).

Based c¢n the diffusivity data presented by Taguchi et
al. (1975) the Arrhenius parameters Eag and Ag, for diffu-
sion of glucose 1n polyacrylamide gel containing non-viable
cells of Streptomyces sp. were calculated to be 26.7 kJ.

1 and 7.7 x ].0_6 mz.s-l, respectively. These parameters

mol~

are based on diffusivity values determiNed at temperatures

of 50¥to 70°C with a glucose concentratiom\of 180 kg. m—3.

The corresponding values of Ea and A for difffusion of glu-

cose 1n water when C. = 180 kg. m-3, were calculated (using

: & -
Equations 5.13 and 5.15) to be 20.74 kJ. mol 1

1078 mzr.s-1

and 2.13 x
, respectively. Thus, with a highly cross-linked
gel such as polyacrjylamide, the LE value is only 5.96 kJ.

mol_l even if nor-viable cells of Streptomyces sp. are

entrapped within the gel matrix.

An exponential incre;;e in De values of glucose and
oxygen, diffusing®in microbial aggregates has also been re-
ported by Onuma et al., 1985. Eurui and Yamashita (1985)
observed that the temperature dependent anrghse in diffu-
.SLVity values of amino zcids in <—carrageénan and polyacry-
lamide containing non-viable bacterial cells could be ex;-

pressed by the Arrhenius equation, however, no attempt was

made to evaluate the relevant parameters,

[}
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S.4.3 Bffective Diffusivity of 3-0-Methyl Glucose in Ca-

Alginate Beads with Entrapped Viable Yeast Cells

The effective diffusivity of a non-metabolizable
analogue of glucose, 3-0—metﬁ§1 glucose, was determined as
described in Section S5.1.4 except that viable yeast cells

were entrapped within the Ca-alginate matrix. The entrapped

k)

cell concentration was 106.4 kg/m3 of gel, and the K _"and De

values were evaluated to be 0,93 and 4.60 x 10710 m?.s71,
respectively.

In the case of non-viable yeast cells, the De value at
a cell.concentration of 106.%4 kg/m3 of gel, was calculated
(using the best-fit linear relationship given by Equation
5.52) to be 4.86 x 10710 m?.s71, which is only slightly
higher (by about 6;5 than the corresponding value obtained
with viable yeast celis. Tée correlations developed in this
section (Equations 5.52 and S5.55) may therefore also be
used to give reliable estimates of De values of glucose fn
Ca-alginate gel containing viable ?east cells.

Pu and Yang (1986) reported higher De values of
;ohimbine when apple cells were permeabilized with a 2%
(v/v) solution of. dimethyl sulfoxide (DMSO) prior io entrap-
ment in Ca-alginate gel. However, with ;ucrose as the
diffﬁsinq species, increases in De values were nqt as
significant, ‘

In general, the lower De valuesd of glucoge in Ca-

alginate beads containing viable or non-viable yeast cells

3

L]
-
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when compared to that in a cell-free matrix, may be attri-

. R e
buted to the blockage (Bailliez et al., 1985). of pores 1in

the el matrix by entrapped yeast cells, and thereby intro- )

ducing steric contraints for solute transport.




CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The novel radiotracer diffusiviﬁy measurement technique
developed in this study, allows conditions of near ideal
mixing and negligible film mass transfer resistance to be
achieved and at the same time retain the scruc£ural inte-
grity of the alginate gel even at high cell-loadings. Add:i-
tionally, both, partitién coefficients, Kp and effective
diffusivities, De' can be accurately (+ 2 to 3%) determined
from Ehe same experiment. Furthermore, the simple design of
the novel diffusion apparatus requirgs only small volumes of
the liquid phasé to be usgﬁ, which in turn facilitates the
economical use of radiotracer analytical technigues. The

r_
latter allows éase and accuracy in rapidly measuring solute
cggcentratnon changes in the liquid‘phase.

Although the exact solutions used ﬁo evaluate De are
mathematically cumbersome and require suitable optimization
computer programs, it was shown that Lee's approximate
analytical solution (Lee, 1980b) gave extremely reliable
estimaﬁes of Do values.

Two correlations (Equation 5.17.agd 5.24) were de-
veloped to accdfately predict the free-phase diffusivities,
D, of ‘glucose in water. These correlations were capable of
accurately predicting D values of glucose in water at tem-

i
peratures of 20 to 50°c over a glucose concentration range

3

of 0-500 kg. m~ ,kwhich facilitated comparison of the
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effective diffugivity values with the corresponding values
’ . * Y »

in water. It is anticipated that thése correlations will

have wider applications for predictimg.the mass transfer

characteristics of hexoses in fermentation media.

Q
The effect of temperature on the D, values of glucose,

¢

- 1n Ca-aldinate. beads, with.of withodt entrapped yeast cells,
showed an Arrhenius relationship. The activation energy for
diffusion of glucose, 1n cell-frée or entrapped-cell, Ca- ‘
alginate beads, was approximately 2.0 kJ.mol-l higher than
that for diffusion of glucose 1n water.

It must be stressed that when me.asuring’De values,";hg
glucose concentration, and consequently, De' gpes not remaiﬁ\\
constant, as was assumed 1n applying the model equations. \
The De values determined were therefore designéted as beting
only average values. From the results obtained in this
sfudy, the average De values in cell-free Ca-alginate gel

L

increases exponentially as a function of glucose concentra-

tion. . ]

Amongst the various literature correlations tested,
those proposed by Ogston (1958), Klein and Schara (1981),
and, Mackie and Meares (1955) gave reasonable estimates of

'

De values.1n a variety of cell-free, dilute Ca-alginate

tions of 3 to 300 kg.m_3. At higher concentrations of gel,

J
beads, at temperatures of 20 to 50°C and glucose concentra- 1
|
these correlations were not valid, indicating that hydrody-
namic drag effects on the glucose molecule become more

significant as the gel concentration is increased. Thus,



5;6'

(/('

using the pore-diffusion model, the diameter of the pores in
Ca-alginate gels was estimated to vary from 8 to 35 nm,
depending on the type and concentration of Ca-alginate.

These values were comparable to the experimental values

reported in the literature. -~ °

' The De values were also found to depend on the &yée and
concentration of the chelating agent used, whereas the
effect of gquluronic acid content on De values was not
readily appaéent at low alginate concehtrations. In view of
the latter observation, entrapment matrices should be pre-
pared using alginates with a high guluronic acid content due
to their superior mechanical stability characteristics.

However, this cannot be generalized for higher molécular

weight substrates.

=

An increase in entrasped cell concentration resulted in
a linear decrease in De valﬁes af predicted by Equation
5.52. Unlike conventional diffusion-diaphragm cells, the
Ca-alginate beagd retained its spherical shape and structural
integrity even at high yeast cell loaéingé at 118 kg. dry
weight/m > of gel. i

Thus in the rationale selection of a suitable method
for cell immobilization in algiqate gels, consideration
should be given £o the type and édﬁéentration of both, the
chelating agent aﬂd alginate as well as the concentration of
entrapped cells. 1In each of these cases, an increase in the

concentration of one or more components will result in a

decrease in De values. However, by increasing the alginate

92-
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and/or chelating agent concentration, the mechanical sta-
bility of the matrix will improve, whereas, when the entrap-
ped cell concentration, is increased, the revef;e is true. —
Furthermore, the specific rates of reaction decline with in-
\ ]

crease in concentration of each of these three components.
Conséquently, for any given alginate-entrapped cell bio- .
reactor system, it is.important to select the appropriate
type and concentration of chelating agent and alginate, and
entrapped cell concentration in order to achieve an opfimum
balance in terms of good mass transfer characteristics,
minimal toxicitf to cell components and'long-tqrm mechanical
stability of the matrix.

The following recommend@ations are offered as possible

areas f&r future research, which should enhance understand-

ing of the intraparticle mass-transfer phenomenon in

.

"

alginate and othgr entrapment matrices:

(1) Molecular weigﬁk dependence on the diffusivity
characteristics of a homologods series of
compounds-should be studied in cell-free and
entrapped-cell alginate gels.

(ii) The influence of hardening procedures such as
glutaraldehyde treatment, and other stabilizing
agents on the diffusivity qharacterispiés of

. algindte gels should pe examined.. ‘




(iii) With the use of radio-labelled probe solutes, the
presence of other fermentation media components
on-the diffusivity characteristics of the
labelled compound can be studied.

(iv) The diffusivity characteristics of alginate gels
containing different types and concentrations of
either bacterial, fungal, mammalian or plant
cells needs extensive study due to the wide-scale
applications of alginate gels in various
biological processes. .

(v) For a given type of immobilized cell system the
influence of cell age,‘permeabilization of cell
wall and composition of growth media (i.e.
different C/N ratios) used to cultivate the cells
prior to cell immobilization may also be

examined.

29+



APPENDIX A
.
Estimatgon Of The Average Molecular Weights Of
Different Types Of Sodium Alginates Using Liter-

ature Data And Viscosity Measurements (see Section

4.2 for details)



Figure A.l: The relative viscosity (ur) at 20°c, of Na-
alginate solutions of varying concentrations
(¢) in 0.1 M NaCl for samples with different

values of intrinsic viscosity, [u] (From,

Haug and Smidsrod, 1962).
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. T L.
Figure A.2: The regression coefficient, b, (@) of Equation

4.5, plotted as a function of the 1n£r1nsxs

viscosity, _u:, to give a linear relationship

(—) expressed by Equation 4.6.
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Figure A.3:

Correlating the influence of :oncent}ation (c)

and intrirsic viscosity @& 4:‘2;", 8.4;@ , 16; a
® 20:;3, 26 (100mL/g¢) on gﬁg‘;speciflc vis-

COS{ty of dilute Na-alginéﬁgﬁ§%lutlons; (—)
represencs the best fit expepgnt:al relation-

ship (Equation 4.7), and the symbols_represent

experiwental data of Haug and Sgiidsrod, (1962).

s
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Figure A.4:

]
-

‘. ‘,#—
——
Shear rate calibrationh of the Brookf:ield

Synchro-Lectric Viscometer, (Model LVT) as a
function of spindle rotational speed using

different spindle sizes -k

B8, spindle %1, R: = 0.982 cm; L_ = 6.5 cm;
A, spindle #2, R, = 0.513 cm, L_-= 5.4 cm;
@®, spindle #3, R, = 0.295 cm, f‘c = 4.3 cm
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Eigure A.S:

Viscosity (at 25°C) of dilute la~alginate

solutions at low shear rates. The numbers on

the figure refer to the different types of Na-

alginates listed in Table 4.1.
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APPENDIX B

-
A -

Examples Of Calculation Procedures And Data

Analysis For Determination Of Effective Diféu-

sivity And Concentration Profile Of Glucose In

Ca-Alginate Spherical Bead Using The Computer

Programs DIFPREP, DIFFIT And PROFILE



Appendix Bl

Data Input and Calculation Steps Used in the Computer

Program DIFPREP

A. Data Input

t = sampling time, ﬁinutes

mi = radioactivity measured in 3 puL liguid sample when
counted in scintillation spectrometer for either
5 minutes (diffusion experiment), or 20 minutes
(effusion experiment), counts.

mEG = background radiocactivity in 3 yL 'cold' glucose
sglgzion (diffusion) or distilled water (effusion)
when Younted for S5 or 20 minutes, respectively,
counts, (constant)

tC = counting time, minutes, (constant)

Ve = sample size, uL, constant

VE = 1intial volume of liquid phase in diffusion
vessel, uL, (constant)

“i ‘= amount of labelled solute in liquid phase at
time, t = 0 min., cpm, (constant); Diffusion only

Mg = amount of labelled solute in spherical alginate
bead at time, t = 0 min., cpm (constant);
Effusion only

vB = bead volume, yL, (constant)

Kp = equilibrium partition coefficient, dimensionless,
(cponstant)

VL = average liquid ‘phase volume, ulL, (constant)

v
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B. Cafbulation Steps

1. Amount of Idbelled solute in liquid sample at time, t,

(mL) - .
. t _ _t _ _B5,
= mL mL ; counts
2. Volume of liquid phase at time, t, (Vi):
t -
t _ .o _
Vi T oL Z Vg ¢ ub
) - t=0
t
where, z: Vg 1s the cumulative amount of liquid
tso .°.

phase .withdrawn due to sampling ( u L)

™Y

3. -Concentrafion of labelled solute in the liquid phase at

. t
txme,‘t,'(CL): ‘
t
CE = My i  ¢pr/ul
v ol
s ¢
4. Amount of labelled solute in liquid phase at time, t,
-(ME): |
£t _ t .t
ML = CL VL ;. cpm |
5°, Cumulative amount of labelled solute withdrawn due to

sampling -at ‘time,t, (E:M:)=

1 N

t 3 z 1 2 N N

ZMS = :— mL+mL + ""ML : cpmk
€ n=1 -

where, N is the total number of samples

6. Amount of labelled solute in spherical alginate bead at

. - t
time, t, (MS):

309



10.

11.

12.

13.

(a) For diffusion,
t _ o _ t _ t .
MS = ML ML I Ms ; cpm
(b) FPor effusion,
t _ o _ t _ t .
Mg = MS- Mo - IM_  cpm

Concentration of labelled solute in bead at time, t,

(cg) s
t t .
Cs = MS/VS : cpm/ulL
Solute concentration ratioc at time, t, = CE/CE.
(dimensionsless).
Alpha factor, a:
VL
a = 7 dimensionless (constant)
- V. K
S p
Amount of solute in the bead at equilibrium, (Mg).’ N
for diffusion experiment onlyk
- o
M; = ML ; cpm (constant)
l + a

Amount of solute in the liquid phase at equilibrium,

(M:), for effusion experiment only:

o)
@© MS
M, = —=—— ; cpm (constant?
1 + 1/a

Calculate the fractional uptake of the solute during
diffusi;n (M;/M;{ or the fractional release Sf
solute during effusion (ME/M:) as a function of time,
and store-in the DIFFIT input file. .

Calculate the percentage standard error (S.E.) in .radio-
activity counts which is given by, -

1/2 .
t t
l(ML) /gL) x 100

w
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Fable D.1 The Effect of Glucose Concentration ancd Tempera-
ture on Diffusion Cpefficients, D, of Glucose in
. - water (From Dadenkova et al., 1973)
> .\ - :
Glucose Diffusion Coef§1c1ent, D, of Glucose in ¥ater
Concentra; i b x 1010, (=% s7Y -
tlon, C» ~ " . - :
3 1235% 1=30° T=40°C, T=50°c T=60°C T=70°%
(kg m- ) . j ; :
25.2 6.3 7.1 9.2 11.4 14.3 17.5
50.9 6.0  ,6.7- 8.8 111.0 13.7, 16.8
103.7 5.5 6.25 8.2 10.3 2.2 16.0
215.9 4.6 _ 5.3 6.9 - 8.9 11.2 14.3
337.4 3.8 -+ 4.5- 5.9 ° 7.6 9.8 12.6 :
469.0 3.3 | }.7 4.95 . .6.4 8.2 , 10.8
611.7. 2.5 4 370 4.1 5.3 7.0 9.4 _
767.6 1.9 2.2 3.3 . 4.2 5.7 ' 7.9 .
937.0 1.45 1.5 . 2.4 . 3.2 4.0 - 6.2
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) Fable D.1: The Effect of Glucose Concentration and Tempera-

ture on Diffusion Cpefficients, D, of Glucose in

© Water (From Dadenkova et al., 1973)

.E — -
Glucose Diffusion Coefficient, D, of Glucose in Water
Concentra- D % 1030 , (m2 s-l) &
- tion, C;”7 - - ) ‘ . *
- 3L 235% 1=30° T=40°%_ T=50°C T=60°c T=70°
(kg.m- 7} o . : s
25.2 6.3 7.1 9.2 11.4 14.3 17.5
50.9 6.0 , 6.7 8!8 111.0 13.7, 16.8
103.7 5.5 6.25 8.2 10.3 32.9 16.0
215.9 4.6 5.3 6.9 8.9 11.2 14.3
' 337.4 3.8 -  4.5. 5.9 7.6 9.8 12.6
469.0 3.2 . 3.7 4.95 6.4 8.2 10.8
611.7. 2.5 4 370 4.1 ®s5 3 7.0 a.4
767.6 1.9 2.2 3.3 4.2 5.7 ' 7.9
937.6 1.35 1.5 . 2.4 3.2 4.4 - 6.2
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Arrhenius plots for determination

energies for ciffusion of glucose

concentrations (Basea on the data

Ay
et al., 1973).
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Figure D.2: Effect of glucose concentration on the activa-

tion epergy for diffusion of glucose in water.
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Figure D.3:

o
-

-
-~

The Arrhenius pre:exponential_constant, A, plot-

.

ted as a function of glucose concentration.
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Figure D.4: Diffusion coefficients of glucose in water plot-

ted as a tunction of its <¢oncentration, with

temperature as the variable parémeter (Baséd on

-

the éata from Dadenkova et-él., 1973).
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Figure D.5: The Arrhenius plot for diffusion of glucose at

infinite dilution.
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Figure D.6: The exponential constant in Equation 5.18, bT'

plotted as a function of "absolute temperature.
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