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SUMMARY

A review is given of general chromatographic theory,
the factors affecting the performance of chromatographic
columns and aspects of scale-up of the chromatographic
process. The chemi-adsorption separation mechanism employed
in this research study for the separation of glucose and
fructose is outlined. A review of various industrial processes
for manufacturing high fructose syrups is also included so as
to serve as a basis for comparison.

The design and construction of a sequential continuous
chromatographic separation unit (SCCR4), for liquid-solid
chromatography applications, is described. Counter-current
operation was simulated by sequencing a system of inlet and
outlet port functions around ten, 2.54 cm internal diameter
X 70 cm long, glass columns.

Operation of the unit for continuous separation of glucose
and fructose by chemi-adsorption chromatography is reported,
using 150 - 300um diameter calcium charged ion exchange resin
(Zerolit SRC14) as packing, and distilled water as the mobile
phase. The effects of feed and purge flowrates, mobile phase
temperatures and feed concentration have been investigated.

A feed of 50% w/v of glucose and fructose_solution has been
successfully separated, at a rate of 3 cm3 minT—, into a
glucose-rich and a fructose-rich product of purity 86.4% w/w
and 88.7% w/w respectively. ‘This throughput, on an equal
cross-sectional area basis, is approximately 2% times that
achieved by an equivalent batch process operated by the
Boehringer Mannheim Company.

A temperature dependence of the equilibrium distribution
coefficient (Kp) of fructose, established from small-scale
batch column work, provides an explanation for the higher
contamination of the glucose-rich product observed in SCCR4
runs conducted at elevated mobile phase temperatures.

A theoretical treatment, based on an equilibrium stage
concept, of the counter-current liquid-solid chromatographic
process has been attempted. A batch column study was conducted
to acquire the necessary equilibrium data and plate heights
for the computer simulation work. Results achieved from the
theoretical study indicated partial agreement with the
experimental findings.
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1 Introduction

Sugar is an extremely important food ingredient.

In 1972 about 90 million fonnes/year of sucrose was
produced worldwide and of this 3 million was consumed

in the United Kingdom. Traditionally, the main source

of sucrose is either from cane, grown in tropical and
sub-tropical areas such as the Caribbean, or from beet

in more temperate zones such as the United Kingdom, France
and Belgium. Most sucrose is sold in the form of granulated
sugar of normal purity 99.95% However, quite a large part
of sugar used in the food industry as a sweetening
substance and also as preserving agent is handled as a
liquid product. Liquid sugar is usually partially or
wholly inverted, i.e. the sucrose is hydrolysed into its
two component sugars, D-glucose and D-fructose.

In the past few.decades, world sugar prices have
fluctuated widely. Consequently, in nations that relied
heavily on sugar imports such as Japan (80%) and Britain
(60%), there has been a strong desire for an economic
alternative means of producing synthetic liquid syrups.

As in these countries, home-grown starch sources in the
form of rice, maize and potatoes are readily available,
emphasis has been centered on converting such starch
into a syrup with an acceptable sweetness. Although,

through a combined acid-enzyme process, a complete



conversion of starch into glucose has been achieved,

the product is only 70-75% as sweet as sucrose. Hence
other means of increasing the sweetness of starch

syrups has been sought. As fructose is much sweeter
than its isomer glucose, the corn wet-milling industry
has spent many years trying to develop corn syrups
containing sufficient fructose to increase the sweetness.
Since Marshall and Kooi (68) disclosed a microbial
enzyme capable of isomerizing glucose into fructose in
1957, there have been various attempts to commercialize
the techniques. The most successful isomerisation process
was reported by Clinton Inc, a division of Standard
Brands of the U.S.A. In May 1970, a high fructose corn
syrup containing 71% w/v solids of which 50% w/w was
glucose, 42% w/w fructose and the balance higher
saccharides was manufactured by the Company. This

syrup had a sweetness comparable with sucrose but was
marketed at a lower price. However, the enzyme, glucose
isomerase, only acts on one anomer of D-glucopyranose,
namely the g-amomer. The product fructose also is
produced in only one anomeric form. Consequently, the
limit of equilibrium with this process is around 50% and

the economic conversion is even lower (42-44%).



Due to its sweetness property ( -D fructopyranose
in cold dilute solutions is twice as sweet as an
equivalent amount of sucrose), very high frucfose
content syrups are desired by industries for producing
low calorie foods and drinks. Since the maximum
fructose content of syrups derived from both the
sucrose inversion process and the enzymatic conversion
process is approximately 50% w/w, an additional
enriching process is necessary if a very high fructose
content product is desired. |

The similarities in physical and chemical properties
between glucose and fructose molecules have posed
difficulties in applying the conventional means of
separation for resolviﬁg the two components. In the
past decade, large scale separations of glucose from
fructose have been performed on chromatographic columns
packed with calcium charged resins. The basic separation
mechanism involved was the formation of complexes between
calcium ions and fructose molecules. However, it is
understood that all these operations were conducted in
the batch mode, the most notable processes being
those of the Colonial Sugar Refining Company (64) and
the Boehringer Mannheim Process (65). Hence, a continuous
process for separating fructose from glucose would

therefore merit investigation.



Since the original work of Tswett (162),
chromatography has developed into two main forms
liquid chromatography and gas chromatography.l Most of
the effort in the 1950's and 1960's was placed upon
the development of gas chromatography equipment and
techniques. However, in the past decade, the significance
of liquid chromatography as a separation means for
production scale purposes, has gradually been realised.
Their applications include the resolution of materials
such as proteins, enzymes, polysaccharides and mono-
saccharides. It is believed that all such operations
were performed in a batch co-current mode. Despite the
use of.repeated sample injections, the batch nature of
operation tends to limit column utilization. Consequently,
many novel designs for both cross and counter-current
continuous chromatography have been proposed. The
designs for cross-current operation have subsequently
been proved difficult to implemenﬁ on a large scale.

Recently, more effort has been directed towards
the development of chromatographic schemes based on a
counter-current operating mode. In these schemes, the
mobile phase fluid, and the stationary phase solid, are
moved counter-currently, and the feed mixture usua;ly
introduced at mid-point of the separating section. The
feed component with the less-affinity for the stationary

phase travels with the eluting solvent, to emerge from



one end of the separating section, while the feed
component with the strong affinity for the stationary
phase travels preferentially with the stationary phase,
and emerges from the other end of the separating section.
The advantage of counter-current operation is that the
entire column length can be effectively utilized, and,
within a major part of the separation section, only
partial resolution of components is required to achieve
pure products at column outlets. This allows severe
overloading, by conventional batch standards, to be
tolerated.

Barker and co-workers (1-23) have been actively
involved in the development of counter-current
chromatographic processes, particularly in the field
of gas-liquid chromatography. The latest experimental
scheme, reported by Barker and Deeble (20), was based on
simulating the relative phase movement by sequencing a
system of inlet and outlet port functions around a closed
loop of twelve 7.6 cm diameter columns. Successful
separations of an equivolume mixture of 1, 1, 2-
trifluoro-1, 2, 2-trichlorothane and 1, 1, l-trichloroethane
have been achieved at product purities in excess of

3 hr-l.

99.7% and feed throughput of up to 1400 cm
In the present research programme, a semi-continuous

counter-current liquid-solid chromatographic unit, based



on the flow scheme of Barker and Deeble (20), is to
be designed, constructed, and commissioned for the
separation of fructose from glucose. Due to a possible
industrial link with the isomerization process, the
experimental programme of this research study will be
devoted to maximizing feed throughput. However, the
effect of increasing mobile phase temperature, which
will lead to a reduction of pressure drop, on the
separation performance of the chromatographic unit, is
also to be investigated. Finally, attempts to simulate
the system, possibly based on an equilibrium stage
concept, will be made. It is anticipated that batch
column studies will also be necessary for acquiring the
necessary equilibrium data and separation efficiencies
in terms of plate height.

The semi-continuous counter-current liquid-solid
chromatographic unit constructed for the present research

study is referred to throughout this thesis as the SCCR4

unit.



Chapter 2

Literature Survey - Part 1

Theory of Chromatographic Process



2 Theory of Chromatographic Process

2.1 Scope

The work of James and Martin in 1951 (26) has
prompted a spectacular growth of interest in the
general field of chromatography. At present,
publications on the subject exceed two or three
thousand per annum and will continue to increase.
Hence, it is necessary to be restricted in the summary
of relevant literature. The first part of this survey
serves to provide a general introduction to the basic
concept and terminology in chromatography. This is
followed by a review of the various theoretical models
concerned with chromatographic zone spreading.

Scale up of the chromatographic process is reviewed
in Chapter Four and in two sections : batch chromatography

and continuous chromatography.



2.2. Introduction to General Chromatography

In chromatography, two or more constituents of a
sample are separated from each other by virtue of the
difference in their distribution ratio between a
stationary phase and a mobile phase in intimate contact.
Modern liquid chromatographic methods can be classified,
according to the mechanism of retention, into four main

categories:

(i) Ion exchange chromatography
(ii) Exclusion chromatography
(iii) Partition chromatography

(iv) Adsorption chromatography

Ion exchange chromatography involves a continuous
reversible exchange of ions between the electrolytes and
the ion exchangers. Separation is achieved through a
difference in the affinities of the solute ions for
the resin. In exclusion chromatography, separation
results because of the difference in the size of the
sample molecules; those that are small enough are able
to penetrate the porous matrix of the packing; whereas
the larger components remain in the interstitial regions
between the particles. Consequently, the largest
components elute first, followed by those of smaller
molecules. Partition chromatography relies on the
absorption of solutes by an inert solid support coated
with a liquid stationary phase. Finally, adsorption
chromatography depends on the association formed between

the solutes and the active sites of the solid packing.

ok



Such associations can be physical or chemical. In
recent years, most of the latter applications are
performed with ion exchanger, charged to an appropriate
form, as the stationary phase. The actual mechanism
does not involve any exchange of ions and in ion
exchange field such a separation is sometimes known

as ligand exchange.

2.2.1. Basic Theories and Definitions

There are three modes of general chromatographic
practice namely, elution, frontal and displacement.
In liquid chromatography operation, elution is the only
mode that can result in a quantitative separation. As
such, most of the established theories in the field are
related to elution chromatography.
In elution chromatography, the sample components
are injected at the beginning of the chromatographic
column and development occurs through the bed. Each
individual component will elute from the column according
to its equilibrium distribution coefficient between the
stationary and the mobile phases. If a very small sample
size is used (a linear distribution isotherm), the
concentration profiles of the products are symmetrical
and Gaussian.
Under such conditions it is possible to relate
directly the time of elution of the peak maximum to the

equilibrium distribution coefficient. As shown in
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Figure (2.1), this time is called the retention time,
and the method is classified as linear elution chroma-
tography. However, such ideal conditions are difficult
to achieve in practice.

As the elution time is a function of the velocity
of the mobile phase, a more fundamental parameter of
retention is the retention volume, VR. This represents
the total mobile phase volume required to elute the
sample from the column. The fundamental retention

equation for a chromatographic process (25) is

Vg = Vy * KpVg (2.1)
where, VR = Elution volume of a component
VM = Total volume of the mobile phase in

the column
= Void + Pore Volume
V_. = Volume of stationary phase (resin's solid
matrix)
Kp= equilibrium distribution coefficient

concentration of solute in stationary phase
concentration of solute in liquid phase

VM can be determined from the elution time of a

non-retained component, t0 (Pig, 2.1):

t

VM = tO.F (2.2)

F

mobile phase flowrate

Another important retention parameter is the

capacity factor, K , defined:

e T e



7 amount of solute in mobile phase
M

K' ﬁ) VS _ amount of solute in stationary phase

Sub into equation (2.1)

Vp = Vy (1 K 3 (2.3)

1
If K = 0, the retention volume is equal to VM‘
Expressing equation (2.3) in time units and assuming

the flowrate is constant:

e (E ' B (2.4)

R

The time of a non-sorbed component, to’ is equal
to the column length divided by the mobile phase

velocity, Hence equation (2.4) can be arranged to:

tp = /u (L e K ) (2.5)

This equation provides the fundamental relationship
between retention and equilibrium distribution coefficient,

column length, and mobile phase velocity.

2.2.2. Resolution

In chromatography, the degree of separation is
quantified through a resolution term, Rs' In a binary
chromatogram, two characteristics namely, the distance
between the peak maxima and the widths of the bands,
are used to describe resolution. Figure (2.2) shows

the influence of these two characteristics on resolution.

e 1



Fig. 22 Chromatogram Illustrating Resolution
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In the top chromatogram, the bands overlap and thus
indicates a poor separation. In the middle chromatogram,
the two bands are well separated but the band widths

and the distance between peaks are large. This implies
a complete resolution is only achieved through a long
elution time and dﬁring which solute bands spreading
occur. In the lower chromatogram, the two bands are
separated and also both the individual band width and
the distance between peaks are narrow. This represents
a good separation.

A conventional form of expressing resolution is:

S o
g = .9 1 (2.6)

3 (W1+W2)

R

¢ = standard deviation of the Gaussian Distribution.
The peak width, W, for individual component in a Gaussian
distribution is equal to 40. In an ideal binary chroma-
togram, where Ty equals Tgs the peak to peak separation
is equal to 402,(201 + 202),if RS = 1 and there will be
only 2% band overlap. In high speed liquid chromatography,
Rs = 1 is taken as a satisfactory separation. If a
better resolution is required, a 60 separation (RS = 1.5)
is selected. Conversely, as RS becomes less than unity
the bands overlap more and more. When it is below 0.8,
the separation is usually unsatisfactory.

Equation (2.6) although useful in measuring Rs, does

not relate the fundamental chromatographic parameters.

o .



Purnell (98), based on a binary chromatogram with equal
band widths, derived a relationship between resolution

and three fundamental parameters:

K, 3

a = 1 2
3 TR, 24N K&at)

{=s]
1
| =

where, N number of theoretical plates

L

o = K2 = sz= relative retention
=y 7
Kl 'Dl

sz= distribution coefficient for the more

retarded component

Kb = distribution coefficient for the less retarded

component

Kz, Kl = are the capacity factors.

2 Theory of Zone Spreading

23,1 " Introduction

Chromatographic separations are governed by two
criteria, thermodynamic equilibria and column dynamics.
It is the latter which determines the width of the solute
zones and which the theories of chromatography attempt
to define. Efforts by various researchers have succeeded
in demonstrating the dependence of zone spreading on
various factors. However, a perfect quantitative relation-

ship linking both has yet to be developed.

=18~



2.3.2. The Theoretical Plate Concept

The theoretical plate model was introduced into
chromatography by Martin and Synge (168) because of
its effectiveness in describing distillation processes.
in their work, a chromatographic column is assumed to
consist of a number of layers each of which is
equivalent to one theoretical plate, and the height
of such layer is called the H.E.T.P. or 'height
equivalent to one theoretical plate'. The solution
issuing from each plate is assumed to be in equilibrium
with the mean concentration of solute in the stationary
phase throughout the plate. It is also assumed that
the diffusion of solute from one plate to another must
be negligible and that the mobile phase flow is discon-
tinuous, consisting of the stepwise additions of
volumes of the mobile phase equal to the mobile phase
volume per plate. Further assumptions include that at
equilibrium, the distribution ratio of one solute
between the two phases must be independent both of the
absolute value of its concentration and of the presence
of other solutes.

From the above assumptions, Martin and Synge (168)
postulated that a single solute band will spread into a
Gaussian distribution curve. The degree of spreading

of this solute band is quantified by the second moment,

i



or the variance of the curve.
A parameter used to characterize the efficiency

of the chromatographic column is the plate height:

-
H= 99
dz
022 = length based second moment
Z = distance along a column of length L.

Martin and Synge also observed the dependence of
H.E.T.P. (H) on the mobile phase velocity (u) and the

particles diameter (dp)
' 2
H=1f (u, dp) (2.7)

Furthermore, as the longitudinal diffusion from
plate to plate becomes relatively more significant at
a reduced flowrate, they emphasised that for any given
separation there is an optimum mobile phase flowrate.
From the results of their experimental work on higher
mono-aminocacids in protein hydrolysates, the separation
chromatograms obtained were worse than that by theoretical
prediction.

Glueckauf (27) converted the discrete plate model
into a continuous one by reducing the plate volume to
an infhnitessimally small value. The concentration

profile exhibits a Poisson distribution and could, if

S



the number of plates, N, is large enough (>100), be
approximated to a Gaussian distribution. The standard
deviation (o) of this Gaussian distribution (a direct

measure of zone spreading) is given by:
3
o = (H. L) (2.8)
where H is the plate height and Lm is the distance
migrated.
Rearranging Equation (2.8)

2
H = (2.9)

Q

Equation (2.9) shows that H varies directly with

02, i.e. the variance of the distribution and an

2

important statistical property of o is that it is

additive and hence various independent contributions

can be summed:

Hence the H.E.T.P. can be expressed as

H= I, — e s by
As such, various contributions to the plate height

may be determined independently and summed to give an

overall value for H.

o



The most significant deviation of the plate model
concept from real column processes rests on the assump-
tion of plate wide equilibrium. In actual situations,
equilibrium is only reached at the peak maximum point.
In addition, the plate model fails to account for the
contributions of molecular structure, sorption
phenomenon, temperature, molecular diffusion, and
flow pattern towards zone spreading. However, the
plate height is a useful and widely accepted parameter

for the characterization of zone spreading and column

efficiency.

2.3.3. Zone Spreading Rate Theories

2.3.3.1. Van Deemter Theory

In 1952, Lapidus and Amundson (28) developed a
mathematical theory which incorporated mass transfer
and diffusion terms into a model. This theory was later
to become the foundation for the well known treatment
by Van Deemter, Zuiderweg and Klinkenberg (29) of
estimating plate heights. 1In their expression relating

the column parameter to the H.E.T.P.

) ' 2
K Bha ety o8 TR u (2.12)
P u ﬁz N
(1+K )“D
s
A = packing characterization term for eddy diffusivity
such that eddy diffusivity, E, = A.u.dp.
dp = mean particle diameter.

i, e



In

as:

]

Il

labyrinth factor to allow for the torous.flow
path.

mobile phase molecular diffusivity.
stationary phase molecular diffusivity.
thickness of stationary phase liquid film.

interstitial gas phase velocity.

F

_M . Kp= mass distribution coefficient.

Fs

distribution coefficient.
Fractional volume of mobile phase.

Fractional volume of stationary phase.

shortened form Equation (2.12) is often expressed

H =i g o= %0 .1 (2.13)

A, B, and Cgare the eddy diffusion, axial diffusion

and stationary phase mass transfer resistance terms

respectively. Van Deemter introduced a further term

(Cm.u) to allow for resistance to mass transfer

resistance in the mobile phase. Equation (2.13) can

be represented graphically is shown in Figure (2.3a).

In gas chromatography it shows that the gas phase

longitudinal diffusion term becomes significant at low

gas velocities. At higher gas velocities the dependence

=20-



Fig. 2.3a Graphical Representation Of The Van Deemter Equation
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of H on B/u disappears and the stationary phase
resistance to mass transfer (Cs.u) becomes controlling.
Hence, Equation (2.12) is extensively applied in gas
chromatography for predicting the optimum flowrate
that would lead to a minimum H.E.T.P. value.

In Figure (2.3b), a similar graph for liquid
chromatography illustrates how its shape differs from
that of gas chromatography. The major reason being
that the longitudinal diffusion coefficients in
liquids are 104 - lO5 times smaller than those in gases
and hence contributes negligible effect towards zone
spreading. Consequently, no decrease in H with
increasing velocity is observed at low velocities such
as with gaseous systems.

The major assumptions of Van Deemter model include
a flat velocity profile for the mobile phase and no

contribution from radial diffusion.

2.3.3.2. Random Walk Model

Giddings and co-workers (30-37) have conducted
extensive studies on the mechanism of zone spreading,
and details are fully documented in his well known text
(30). With his random walk approach, Gidding attempted
to explain and correlate various individual molecular
processes occuring in a chromatographic column. In

his model, he claimed that solutes are in constant
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random movement. Each particle can move either in a
forward or backward direction in varying step magnitudes.
However, for simplification, all step lengthé are
assumed to be equal (1'). If there is an exactly

equal chance for moving in either direction, the

random walk is symmetrical and hence will result in a
Gaussian distribution of molecular spreading. The
variance, 02 is equal to 1'2n', where n‘ is the number
of steps taken. Each process occurring in the column

has its own value of 1! and n' which can be summed to

give a total variance

2 Je 2 1,2 1
UTOTAL = EUi = z i o, = H (2.14)

Giddings uses the variance due to the molecular

diffusion process, and given by Einstein (38) as:

2Dt

Q
]

D

tD = Diffusion time

D Diffusion coefficient

To determine the contribution to the plate height

from longitudinal mobile phase diffusion

H = m (2.15)

Y' is the obstructive factor (<1) and its inclusion

is the result of a reduction in the actual distance

_23_



diffused by the molecule caused by its need to skirt
the granules of the solid phase. Similarly, the
contribution from the longitudinal stationary phase
diffusion can be calculated. However, it is usually
insignificant.

Giddingsevaluates absorption and desorption
kinetics as

2

H = 2R (1-R) % (2.16)

: S

d = thickness of stationary phase film.

R = is the fraction of time of solute in the

mobile phase.

Diffusion processes occurring in the mobile phase
are significantly more complicated than those in the
stationary phase. Part of the difficulty can be
traced to the fact that diffusion is occurring in a
very complex network of interconnected channels and void
spaces. In addition, the flow velocities vary over
wide limits when moving.across a channel or from one
channel to another. Giddings (30) identifies five
different types of velocity inequalities which can lead

to zone spreading in the mobile phase, Figure (2.4).

(1) Transchannel effects caused by a higher

velocity in the centre of the channel than at the wall.
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(2) Transparticle effects caused by the stagnant
mobile phase in the pores of the support particles.

(3) Short-range inter channel effects.

(4) Long-range inter channel effects.

(5) Transcolumn effects between central and

outer regions of the column.

By assuming a step to a faster streamline is a
forward step and a step to a slower streamline a
backward step, Gidding established that the overall

mobile mass transfer resistance term was as follows:

2
H = Wad ot (2.17)
DM
dp = particle diameter.
DM = Diffusivity of solute in mobile phase.
5 22
e 5 oW = Y5 T
i=1 2
Wa = (distance between velocity extremes)/dp.
WB = (difference between extreme and average

velocity) /u.

By using the classical theory of solute molecules
being locked in fixed stream paths, the individual eddy
diffusion contribution from each of the five categories

of velocity inequalities are defined as:

5
H= 2d z A, = 2dpl (2.18)
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A a structural parameter.

Summing all the plate height contributions:

b s b M 2R(1-R) d%u , W d "u (2.19)
P Y u D _L %
2 DM
In simpler form
H= A+ B/u + Cs.u + Cm.u (2.20)

Equation (2.20) is of the same general form as
the Van Deemter equation (2.13) except for the addition
of a mobile phase mass transfer resistance term.
Implicit in equation (2.20) is the assumption that
individual contribut%ons to plate height, H are
independent and additive. Recognising the close
relationship between eddy diffusion and flow inequalities,
Gidding proposed a '"Coupling Theory'", in which the
resistance to mass transfer in the mobile phase and
the eddy diffusion term are coupled. The simplified
form of the equation is

Hi= 2 O + 1-1_]./

Cm.u

(2.21)
/A
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The total value of the contribution to H of the
coupled term is always less than that obtained from
either of the component parts. (Figure 2.5) and
equation (2.19) have been extensively applied by many
workers in the general field of chromatography for the
successful prediction of plate height. However, the
main drawback of this random walk approach is the
assumption of an equal step magnitude and that a
fixed number of steps are taken by all the participating
molecules. In actual practice, particularly in
reference to sorption - desorption kinetics a variable
number of steps and step lengths are taken by individual
molecules. Giddings, realising such limitations of the
random walk approach, further developed the more
powerful generalised non-equilibrium theory for zone

spreading.

2.4. Generalised Non-equilibrium Theory

Giddings (30) claims that true equilibrium between
two phases only exists at the centre of the zone, as
shown in Figure (2.6). The stationary phase concentration
has a lag in its equilibrium value, whilst the mobile
phase concentration will always be ahead of its equilibrium
concentration. The main cause for such a non-equilibrium
situation arises from the slow rate of mass transfer

between the two phases. The extent of non-equilibrium
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can be reduqed by having the zone migrating slowly
and thus preventing rapid concentration changes.
Giddings, based on such a non-equilibrium concept,
succeeds in replacing the single molecular events of
the random walk method by the gross processes of mass
transfer. The final relationship for H derived from

non-equilibrium theory is given as:

2v'D . a2 u 1 Dy >
geZl M+g RQ-R) 552+ {onm— 4 3
u S ol Wd~u
P
(2.22)

DM = diffusivity of solute in mobile phase

where g' = configuration factor of'the packing.

Equation (2.22) differs from the resulting plate
height equation (equation (2.21)) derived from the
random walk approach, only by the inclusion of an
extra term to account for packing geometries. It
provides an insight into the non-equilibrium dynamics
of chromatography and serves as a guideline on column
optimization. For instance, in liquid chromatography,
the first term of equation (2.22) shows that eddy
diffusion contribution is insignificant due to a very
small liquid diffusion rate. The second term indicates
that at a higher flowrate, the time available for

achieving equilibrium is reduced. This, coupled with
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the increase of the stagnant liquid film around the
particle (larger ) at a high liquid loading, results
in a greater departure from equilibrium and an
increase in plate height. Furthermore, the term
R(1-R) has a maximum value when R = 0.5, i.e. when the
solute spends half of its time in the mobile phase,
and tends to be zero when R becomes unity or zero.
Consequently, for a low H.E.T.P. value, it is essential
to choose a mobile phase within which the solute
diffusion coefficient is large. Finally, in the
coupled eddy diffusion term, the direct dependence of
H on both dp and dp2 reflects a desire to choose the
diameter of the packing material to be as small as
possible.

To summarize, the preceeding theoretical concepts
provide a detailed account of the mechanism involved in
zone spreading. However, the contribution to the plate
height from sample size, column geometries etc. are
ignored. A theoretical treatment of these factors will

be discussed in Chapter 4.
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Chapter 3

Literature Survey - Part 2

Chemi-adsorption Chromatographic Separation
of Monosaccharides



3. Chemi-adsorption Chromatographic Separation of

Monosaccharides.

3.1. Scope

In the main studies of this research programme,
fructose is continuously separatéd from an equal mixture
of glucose and fructose. Both the molecules of glucose
and fructose are of identical molecular size and weight,
and would therefore be eluted at the same rate from a
bed of porous type packing. However, if the mixture is
developed through a bed of calcium charged cationic
resins, fructose, due to its complex formation with
calcium ions, is retarded and glucose will emerge first
from the column. Such a chemi-adsorption effect is
employed in this research work for producing a high
purity fructose solution.

The complexing of fructose with the alkaline earth
metals has been demonstrated by a number of workers, but
no conclusive repoft has ever been published regarding
the exact mechanism involved. However, the hypothesis
proposed by Angyal (39-45) provides a logical explanation
for the non-complexing effect between glucose and the
calcium ions. Hence the first part of this survey
includes the various studies on metal complexing and
the Angyal hypothesis, and aims to establish the
existence of such a chemi-adsorption separation effect

between the two monosaccharides.
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Although, only the separation of fructose from
glucose is investigated in this research programme,
it has always been a belief on the part of the author
that the semi-continuous chromatographic system can
be developed into an industrially viable process for
manufacturing a high purity fructose syrup from either
a sucrose or corn starch hydrolysate feedstock. As
such, included in this survey is a detailed accouﬂt of
various processes and methods from which high fructose
syrup are being manufacturned. These can serve as
guidelines for comparing the performance of the SCCR-4

process.

e Metal Complexing of Fructose

3.2.1. Proof of Existence of Sugar Complexing

Complex formations between various metals and
sugars have been known and studied as early as the
ninteenth century. However, most of the chemical
formulas suggested by the early investigators for
compounds formed by the interaction of carbohydrates
with metal bases are mere assumptions, based on insuff-
icient evidence. Von Lippman (47), Vogel and Georg (48)
has compiled a very comprehensive account of the work
achieved by the early researchers. Later studies of the
D-glucose - sodium chloride - water system by Matsuura

and Tegge (49), and of the sucrose - sodium iodide -

L



water system by Wiklund (50), furnish a more conclusive

proof of the existence of 2D-glucose. NaCl. H,O,

2
20, and sucrose. NaCl. 2H20. These

2sucrose. 3NaCl. 3H
authors demonstrate not only the presence of sugar-

salt complexes,. but also how the formation of

complexes affects the solubilities of both the carbo-
hydrates and the salt. Tegge and Lebedev (51) have
extensively studied the relation between temperature

and the stabilities of 2D-glucose. NACI. HZO in aqueous
systems. The fact that this complex crystallizes

better than the pure D-glucose from aqueous solution

is important industrially.

Saltman and Charley (52) have shown by dialysis
experiments that the Calcium, Magnesium, Barium and
Strontium ions form soluble chelates in aqueous alkaline
solution with D-galactose, D-fructose, D-arabinose,
D-rilose, maltose and lactose. Charley and Sarkar (52)
showed that the absence of any precipitation of alkaline
earth metal hydroxide when an aqueous solution containing
D-fructose and an alkaline-earth salt is made alkaline
(pH12) is additional evidence for the existence of such
complexes.

The existence of sucrose. BaO, sucrose. SrO are
shown by Nushizawa and Hachihama (53) in phase studies.

Other studies in the changes in the physical phenomena
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of the carbohydrates as a result of metal complexing,
include an alteration of specific optical rotation, as
reported by Rendlemen (54), an increase in the viscosity
of the resulting solution, as reported by Naffia and
Frege (55). Finally, Stokes et al. (56) has demonstrated
an increase of sucrose concentration in an agueous
solution of potassium or sodium chloride results in a

decrease in the solution's electric conductivity.

3.2.2. The Angyal Hypothesis

All the above studies have provided sufficient
evidence for complex formation existinglbetween various
sugars and cations, they have not, however, succeeded in
revealing the basic mechanism, nor provided information
on the conditions required for such complexing.

S.J. Angyal (39) reported that the coordination
complexes of sugars and cations are formed by the
displacement of water molecules in the solvation sphere
of cations by the hydroxyl groups of the sugar, which
is a polyalcohol. Since water solvates ions much
better than does a monoalcohol, the latter will not
displace water to any considerable extent. If two or
more hydroxyl groups in a compound, namely sugar, are
in a sterically favourable arrangement, they may
displace two or more molecules, respectively, of water

from the solvation sphere. There are no cases known,
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however of di-alcohol complexing strongly with

cations in aqueous solution, it appears that at least
three hydroxyl groups in favourable steric arrangement
are required for complex formation. His work (39-45)
over several years has established the fact that for

H

complex formation with alkaline earth (Ca*, Ba ', Sr*)

cations, sugars in their ring forms require either:

(i) an axial-equatorial-axial arrangement of
three hydroxyl groups on successive carbon atoms of
the tetrahydropyran ring (Fig 3.1la).
or (ii) a cis=-cis relationship on successive carbon

atoms of the tetrahydrofuran ring (Fig 3.2a).

In the axial-equatorial-axial arrangement, the
sequence can be two hydroxyl and one methoxyl group.

Angyal (39,44) experiments have shown that various
members of the aldohexose family, for example
0-D-Gulose and o¢-L-Talose (Fig 3.1b, 3.1lc), form
complexes with the calcium ions in aqueous solution.
However, under the same conditions, no calcium complexes
are reported for D-Glucose and D-Mannose (Fig 3.le, 3.1d).
These sugars lack the required ax-eg-ax sequence of
hydroxyl groups.

Parrish and Angyal (45) further investigated the
formation of complexes of D-glucose, D-xylose, sugars

which do not possess the required configuration in their
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Fig. 3.1 Molecular Structure Of Aldohexoses

(a) a-0-Allo-Pyranose

odw O3 oHey
\ |

Orientation Of Hydroxyl Groups \c\qi‘*
NO.1,2,3,4, : [ Ax-Eq-Ax-Eq.]

(b) -a-D-Gulo-Pyranose
CH20H
OH (1)
OH(

H OH (3)

OH(2)

[ Ax-Eq-Ax-Eq. ]

(d) a -D-Manno-Pyranose

,OH

[Ax- Ax-Eq-Eq.]

(e) a-D-Gluco-Pyranose 3 -D-Gluco-Pyranose
CH,OH CH;0H OH(1)
OH('I ’
OH([,,) OH(2) OH (&-) OH(2)

[ Ax-Eq-Eq-Eq. ] [ Eq-Eq-Eq-Eq.]

e



six member ring form. Their findings have revealed
that in the presence of methanol and hydrochloric
acid, D-glucose reacts and the corresponding methyl
glycosides or dimethyl acetals are formed. However
with the addition of either Strontium or Calcium
Chloride to the reaction mixture, the proportions of
the products obtained are altered. Consequently, it
is deduced that D-glucose forms a complex with the
metals under such conditions and shifts the equilibrium
of the reaction. Similar observations have been
reported by Domovs and Freund (57).

Reports on the complexing between D-glucose and
the alkaline metal Na® are numerous. The formation of
a compléx between the two in aqueous solution has been
reported by Matsuura (49). Recently, investigation on
the system in ethanol medium is conducted by Rendleman
(54). The most notable application of this complexing
effect is reported by Tatuki (58), who claims that
glucose can be separated from a mixture of glucose and
fructose by complexing the former with sodium chloride
and crystallizing it out. However, until recently, no
attempts and conclusive evidence have established an
actual mechanism of such complexing between D-glucose
and the sodium ions.

Fructose, a member of the Ketohexose family, exists

in both the a, 8 pyranose and furanose forms. The latter
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Fig. 3-2 Molucular Structure Of Allose And Fructose
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form is found to occur in most oligo and poly-saccharides,
probably because of the greater stability of this form
of the sugar as compared with its pyranose form.

As explained in Figure (3.2b), both the o and B
forms of fructopyranose and fructofuranose do not
possess either a sequence of ax-eq-ax or a cis-cis
arrangement of hydroxyl groups. Indeed, such a
favourable steric sequence does not appear in any
optical isomers (a, B, D and L form) of fructose.
Consequently, the hypothesis proposed by Angyal for the
complex formation between the calcium ions and the
aldohexoses could not be generalised to account for
the ketohexose complexing with the alkaline earth
metals.

However, reéorts on the subject are numerous and
the application of the calcium-fructose complexing
effect as a means for separating fructose from a
mixture of sugars is already a proven success. Smith
and Tollen's (59) studies on the reaction of fructose
with various alkaline earth metal (Cd&* Ba'™, S&™) in
aqueous medium has provided the early evidence of the
existence of the Ca'™* fructose complex. Additional
confirmation is achieved through the investigation by
Domovs and Freund (57) on the same system in a methanol
medium. The oustanding chelating ability is further

illustrated by Verstraiten in his studies with
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Germanic acid, telluric acid and boric acid (60).
Antikainen fsl) reports the formation of a 1:2
germanate-fructose chelate during studies of the
interaction of H2-Ge-03 and D-fructose in the pH
range 6-10. Recent studies appear to have placed
more emphasis upon the application of the calcium
fructose complexing effect as a means of separation.
These processes will be discussed in more detail in
the following section.

In conclusion, Angyal's hypothesis of a sequence
of ax-eg-ax arrangement of hydroxyl groups provides a
logical explanation for the non-complexing of D-glucose
with calcium ions. However, the actual complexing
mechanism between D-fructose and calcium ions is still

open to further hypothesis.

3.3. High Fructose Syrups

3.3.1. The Need for the Fructose Syrup

Fructose (laevalose or fruit sugar) appears
naturally in many different plants particularly in ripe
fruit and honey. It is also a significant component
part of sucrose, raffinose, inulin and various similar
starch containing polysaccharides. Of all the known
"'sugars'', fructose contains the highest sweetening
potential. The sweetness of the B-D-fructose in cold

dilute solution is up to twice that of sucrose. Hence
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with regard to a low caloric diet, fructose offers the
possibility to produce a low calorie food without
reducing its enjoyment value. The calorific value of
fructose (3.73 cal/gm) is similar to that of sugar
(3.94 cal/gm).

More benefit is derived from fructose from a
synergistic effect in combination with saccharin . A
mixture of 0.01 gm of saccharin and 1.0 gm of fructose
provides a sweetness level of 7 gm of sucrose in one-
seventh the bulk and have only one-seventh the calories.
Similarly with sucrose, a 10% water solution of 60%
fructose and 40% sucrose is 1.3 times as sweet as 10%
pure sucrose and 1.1 times as sweet as 10% pure'fructose.
Furthermore, high fructose syrup offers a greater storage
stability compared with liquid sucrose. Hence, more
recently fructose syrup is now widely used in confec-
tionary, cake, beverages and ice-cream industries.

From the medical viewpoint, the fact that fructose
causes no hyperglycaemiaand no insulin release is the
reason for its important role in diabetic diets and in
diets for patients with hepatic billiary and heart

diseases.

3.3.2. Processes for Manufacturing High Fructose Syrup

Methods for producing high fructose syrup are

classified into three main categories according to the
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raw materials:

(
(1

3.3.2

(i) Hydrolysis of sucrose
ii) Enzymatic conversion of corn starch

ii) Hydrolysis of @ imlin, a polyfructosan.

.1. Hydrolysis of Sucrose
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The conventional method for manufacturing fructose

is the hydrolysis of sucrose, which is a disacch-
The main source of sucrose is from either sugar

or sugar beets. The hydrolysis process is called

inversion and can be achieved by directly contac-

the feed with mineral acids, or by passing the
through columns of cation exchange resin charged

e H* form. In the former case, all the free acid

in the hydrolysate have to be removed subsequently
anion exchanger.

As the structure of sucrose consists of one

ule of glucose and one molecule of fructose, the

ct from the inversion process contains an equal

t of both sugars. However, a complete conversion

fficult to attain, and the resulting solution

ly contains some residual disaccharide. The

y of fructose in the syrup produced from such

sses rarely exceeds 40%. Consequently, a further

ing process is required to enrich the fructose

content.
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In 1969, Jones and Wall (62,63) reported that
columns of neutral forms of sulphuric acid type ion-
exchanger resins could be employed to separate mono-
saccharides mixtures with water as the developing
solvent. In their work, columns (70x 2.2 cm I.D.)
of Dowex 50W x 8% Divinyl benzene (200 - 400 mesh,
Ba**) are used and the mono-saccharides are eluted by
water in the order D-Glucose, D-Sorbose, D-Galactose,
D-Xylose, D-Mannose, D-Fructose and D-Sorbitol. Their
results have shown that if the difference between the
elution volumes is more than 25 cm3 the corresponding
pair of sugars are readily separable. The recorded

3

volumes of D-Glucose and D-Fructose are 157 cm"™ and

200 cm®

respectively. As such, it can be predicted
that a complete resolution -0of the two sugars is possible.
The discovery of Jones and Wall has prompted various
attempts to incorporate such separation mechanisms as

a means of enriching fructose syrup. The most notable

processes are now recorded.

3.3.2.1.1. The Colonial Sugar Refining Co. Process (64)

The Colonial Sugar Refining Co. claimed a new
process and apparatus for the separation of fructose
and glucose ffom syrups containing them. In their work,
a 1.8 m resin bed length (no mention of column diameter)

was used. Dowex 50W, a sulphonated polystyrene cation
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resin, cross-linked with 4% Divinylbenzene and having
a particle size of 420 - 210um is reported to be a
suitable packing. The ion exchanger is charged with
the calcium ions, however it is reported that other
alkaline earth metals like Strontium or Barium are
equally suited to the process. The selection of the
calcium salts is made based on their cheapness and
non-toxic property. The feed employed is invert sugar
solution.

The process includes the recycling of certain
fractions of product and can be identified in four
main steps. Firstly, predetermined volumes of the
feed syrup and water are admitted to the column
sequentially with the control of various valves. At
the start of the operation the column is half filled
with a water immersed resin bed. The water level is
lowered to the upper surface of the resin and the syrup
is fed to the top of the column. Elution water is then
introduced into the column just before the syrup level
drops to the upper surface of the resin. The second
step is the separation of the effluent from the column

sequentially into various fractions:

(i) a dilute solution of glucose
(ii) a concentrated glucose-rich solution
(iii) recycle (I) consisting of concentrated
glucose-rich solution but highly contaminated with

fructose.
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(iv) recycle (II) consisting of concentrated
fructose-rich solution highly contaminated with
glucose.

(v) a concentrated fructose-rich solution

(vi) dilute fructose-rich solution.

The next step is the re-admitting sequentially of
recycle (I), recycle (II), additional feed and elution
water to the column. The final step is the repeat of
step two and three in a cyclic manner.

The Eotal product outlet flowrate is reported to

3 h™l @2 of resin bed. As

be approximately 0.195 m
stated in the patent, in spite of the fact that a
greater separation of fructose and glucose can be
achieved at ﬁmbient temperature (20°C) than at
elevated temperature (GOOC), the latter is preferred.
This is related to the fact that concentrated syrups
are viscous and slow moving at low temperature and their
dilution entails increased evaporation costs. Hence,
all the storage tanks containihg feed syrups are
equipped with heating devices. The operating column
is also lagged to minimize heat losses. There are two
sets of results presented in the patent with each
representing a different fresh syrup to total feed
ratio.

In the first one, in which a ratio of 1:4.68 is

chosen, the effluent analysis is as follows:
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the concentrated glucose-rich fraction has a total
solids concentration of 24% w/w, of which 78% is
glucose and 22% is fructose; the concentrated fructose-
rich fraction has a total solids concentration of 29%
w/w, of which 82% is fructose and 18% is glucose; the
dilute solutions has a total solids concentration of

1% w/w substantially all of which is fructose.

In the second set of results, a fresh syrup to
the total feed charge ratio of 1:6 is used. The product
analysis is as follows: the concentrated glucose-rich
fraction has a total solids concentration of 23% w/w,
of which 75% is glucose and 25% is fructose; the
concentrated fructose-rich fraction has a total solids
concentration of 24% w/w, of which 95% is fructose and
5% is glucose; the loss in the dilute solutions, mainly
fructose, is equivalent to a solid concentration of 2%
w/wW.

The amount of recyele is shown to affect the purity
of the products and for a given volume of resin bed and
elution water, increasing the fresh syrup quantity will
lead to a poorer resolution.

The process has been automated. However, as the
raw feed employed in this process is invert sugar, a

preliminary hydrolysis step is required.

3.3.2.1.2, Boehringer Process (65)

In 1967, Boehringer Mannheim Company was granted
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a patent for a process from which glucose and fructose
can be obtained from sucrose or sucrose containing

invert sugars. In comparison, the previous Colonial

Sugar Refining Co. process only has technical importance
when the starting materials can be produced in a simple
and cheap way and, in particular, free from impurities,
for example, inorganic salts. It is known that invert
sugar solutions through an ion exchanger in the pure
H-form suffer undesirable discolourations at elevated
temperature and long residence times. Similar effects
are observed in solutions of glucose and fructose
produced by inversion with mineral acids and subsequently
passed over a basic exchanger for the purpose of removing
the excess acid ions.

Such adverse effects are eliminated in the Boehringer
process for the feed employed is an aqueous solution of
sucrose. In operation, the feed is passed over a
cation excﬁanger which has been charged, at room
temperature, as fully as possible with calcium ions,
but still containing 1 to 30% of free H' ions. The
residue acid ions serve to hydrolyse the sucrose,
whereas the calcium ions form complexes with the fructose
molecules and thus separation results. It is reported
that, such cation exchanger columns show no detectable
difference in the ability to separate glucose and
fructose as compared to columns which are fully charged
with Ca** ions. 1In addition, a complete hydrolysis is

also achieved.
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Since the success of such a process hinges on the
preparation of the ion exchanger, the resin is charged
under controlled conditions. It is stated that if a
cation exchanger, in its initial H form, is charged
at a room temperature with 10% calcium chloride
solution at a pH value lower than 8, it can still
retain 3 to 5% of the H' ions. A complete saturation
with calcium ions is only possible if the charging is
conducted at 60°C or with a calcium chloride solution
with a pH value greater than 8 at room temperature.

In the reported experiments, Dowex 50W x 4, a
sulphonated polystyrene resin with 4% DVB crosslinkage,
is used. The equipment consisted of 6 glass columns
(15cm X 2m) connected in series. The depth of the resin
bed in each of the columns is 1.5 m giving an overall
bed length of 9.0 m and a total volume of 0.17 ms. The
operating temperature is 60°C so as to reduce the
system's viscosity and pressure drop. Individual
columns are heated to the required temperature with the
help of a water recirculation unit.

Water is the eluent and the preferred rate is
reported to be 1 to 2 em® em™2 min~l. The concentration
of the feed is 50% w/w and its ratio to the eluent flow
is approximately 1:2. Under the above mentioned

conditions, the first sugar-containing fraction (mainly

glucose) emerges from the column after 3 to 5 hours, and
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after a further 3 to 5 hours, the last sugar-containing
fraction (mainly fructose) emerges from the column.

Two sets of experimental results have been published,

in the first one, pure sucrose solution is used as

feed, whereas in the second run, it is replaced by a
mixture of sucrose, glucose and fructose. As illustrated
in chromatogram (Fig. 3.3), the two results are almost
identical and no sucrose is detected in the product.

This implies a complete hydrolysis is achieved.

This simultaneous hydrolysis and separation
process offers a more flexible and efficient alternative
for the production of fructose syrup from sucrose.
Shortly after the disclosure of the Boehringer patent,
various-European countries have plants of such a
process under construction, and the majority are
installed by BMA under licence from Boehringer Mannheim
GmbH.

In the pamphlet published by BMA (66), it is
stated that both crystallised fructose or syrup with a
70% dry substance of pure fructose can be achieved by
their plants through various stages of filtration and
evaporation. A study of this industrially implemented
process can provide an insight into the technical
viability of the SCCR4 process being operated at a

production scale.
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Fig.33 Results Published By Boehringer Patent
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The BMA plant can be separated into three main
sections namely (i) the feed preparation and purifi-
cation section, (ii) the hydrolysis and separation
section, and (iii) the product collection, concentration
and storage section. A flow scheme of the plant is
illustrated in (Fig. 3.4).

In the separation section, the sucrose is separated
into the two monosaccharides and the product is divided

into four main fractions (Fig. 3.5):

(i) Intermediate component group (I) = rich in
glucose but contaminated with fructose.
(ii) Glucose-rich group.
(iii) Intermediate component group (II) - rich in
fructose but contaminated with glucose.

(iv) Fructose-rich group.

In the feed handling and purification section, the
sucrose is taken from the silo and fed to an intermediate
bunker by means of a worm-screw conveyor, from which it
is fed by means of dosing equipment into a dissolving
apparatus. Deionised water and the sugar-containing
intermediate component - group (II), recycled from the
separating plant, serve as dissolving agents. The
prepared sugar syrup is subjected to a filtration stage
with either filter processes as a layer filtration, or
with filtering agents as alluvial filtration. The

filtrate is then passed through various columns of
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Fig. 35 Chromatogram Illustrating The BMA Process
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different resins for demineralising. The dimineralised
sucrose is stored in the intermediate tanks and is

then fed periodically to the separating column via

the heat exchanger. Immediately after the sugar
solution has been transferred to the component separating
columns, the demineralising resins are washed out with
water. Elution water is then fed to the separation
column via the same heat exchanger.

In the product collection, concentration and
storage stage, the glucose-rich fraction and the
intermediate component - group (I) are pumped into
the same container pending to be fed to a continuous
two-stage evaporating plant and, under vacuum, concen-
trated to a glucose syrup of 50% w/w. However, the
fructose-rich fraction and the intermediate component -
group (II) are collected in separate containers.
Subsequently, the fructose-rich fraction, with a fructose
purity in excess of 96%, is concentrated in a two-stage
evaporation plant to a syrup of 70% dry-substance. The
resulting syrup is then subjected to a carbonisation
process for decolourising purposes. After the
purification, the warm fructose syrup is put through a
final safety filtration stage, cooled off in the heat
exchanger to the storage temperature and pumped to the
storage tanks which are installed with air conditioning

and exterior heating facilities. The further processing
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of the 70% w/w syrup to fructose crystals are carried
out by using methanol as a total crystallization from
water.

The intermediate component group (II) is recycled
back to the mixing tank for dissolving the fresh
sucrose. In the event that liquid sugar is used as
the raw material, the recycle (II) can be concentrated

in a separate evaporator plant.

3.3.2.1.3. Tatuki's Patent

In 1970, R. Tatuki in his U.S. Patent (58)
claimed an alternative method for separating glucose
from fructose which involves the complex formation
effect of the former mono-saccharide with sodium ions.
He reported that methods for separating fructose in the
form of calcium chloride double salt from an invert
sugar solution is operationally and economically
disadvantageous since a large quantity of methanol is
needed in the final recovery of the fructose. 1In his
proposed method, an invert sugar solution prepared
from the acid treatment of sucrose or the isomerization
of glucose is used. The above sugar solution has to
be adjusted to a pH value between 7 and 9 so as to
allow the glucose to form a double salt with the added

sodium chloride. An alkaline substance, for example,

sodium hydroxide may be added for the adjustment of the
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pH of the solution. The amount of sodium chloride
required could be calculated according to the amount
of glucose present, however, in practice an excess
quantity is used. The Na.glucose complexes are
crystallised out by concentrating the solution under
vacuum. Finally, the remaining solution containing
the fructose and the excess sodium chloride, is
deionized and concentrated to produce fructose crystals.
In summary, this process offers an alternative
method for extracting fructose crystals from an invert
sugar solution. Unfortunately, the presence of the
excess sodium chloride in the final solution requires a
further demineralisation process that would result in
a change in the sugar's qualities. Furthermore, the
argument put forward by the author against the use of
the calcium fructose complexing technique was based
entirely on the uneconomic quantities of methanol
required to crystallize out the fructose. However to
most food and drink industries, a syrup product is
already acceptable. Finally, the results published in
the patent are based on small scale batch experiments
and until recently no industrial implementation of this

technique is ever recorded.

Ba3.2.2. Enzymatic Conversion of Corn Starch

3.3.2.2.1- Introduetion

There has long been a need for an econdmic alternative
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method of producing synthetic invert sugar from a
source other than sucrose itself. As most of the
nations that rely heavily on sugar imports such as
Japan (80%) and Britain (60%) have readily available
home-grown carbohydrate sources in the form of starch
from rice and potatoes, the search has centred for
several decades on the glucose from that starch. Maize
can be used as an alternative source of glucose in
countries like the U.S.A. because it is less labour
intensive. The isolation of wheat starch is another
source of glucose.

In order to convert the glucose into fructose
without the production of by-products of alkaline
degradation of both the sugars, a perfect chemical
catalyst has yet to be developed. However, the
biologists have already applied naturally occurring

enzymes for the purpose.

3.3.2.2.2. The Development of Glucose Isomerase and

its Application

The enzymatic isomerization of sugars is practised
as far back as in the late 1930's. This involves the
use of saccharifying enzymes to produce a sweeter corn
syrup. In the early enzymatic process, starch is
partially hydrolysed with acid and subsequently allowed

to isomerize with a saccharifying enzyme. This method
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produces a syrup which is significantly sweeter than
syrups made by acid hydrolysis. The innovation at
the time, was a real breakthrough and was protected
by patent (67).

The actual mechanism of fructose isomerization is
the rearrangement of a glucose molecule (aldohexose) in
an equilibrium reaction by an isomerase enzyme. The
transformation, which involves an intramolecular
transfer of H' between adjacent carbon atoms in the
sugar molecule can be expressed in a simplified manner
as shown in Fig (3.6).

Early work in the thirties and forties on enzymatic
isomerization was mainly concerned with five carbon
sugars, such as xylose. In 1957, Marshall and Kooi (68)
discovered an enzyme for converting D-glucose to
D-fructose. The enzyme as described in their report as
a specific 'xylose isomerase', would in fact, function
also as 'glucose isomerase', and is prepared from
Pseudomonas hydrophilia. The article emphasized the
biological significance of their discovery rather than
its industrial importance. It was not until 1960 that
commercial appreciation was evident when a patent (69),
was issued for Marshall and Kooi's invention. However,
from an industrial development viewpoint, the pa tented
process has various discouraging operational requirements.

Firstly, the costly xylose is required in the bacterial
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Fig. 3.6 Isomerization Of Glucose Into Fructose
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fermentation for producing the enzyme and its yeild is
low. In addition, arsenate, an unacceptable food
ingredient, is needed in the use of the enzyme.
Finally the equilibrium conversion of glucose to
fructose is low in the order of 35% or less. Overall,
the described process has never been accepted as tech-
nically or commercially feasible by the U.S. technolo-
gists and no major industrial implementation is ever
recorded.

The discovery by Marshall has generated enormous
interest in the subject in Japan. Publications on
glucose isomerization enzymes have been very prevalent
since the early sixties. One of the most notable
achievements from an industrial standpoint is the
discovery of immobilised enzymes (70,71). This is based
on the fact that the glucose isomerase enzyme, unlike most
other enzymes is usually retained within the bacterial
cell rather than being excreted into the medium. As
such it is more advantageous in practice to use the
whole bacterial cells containing the immobilised enzyme
as the isomerizing agent. This differs from using cell
free extracts of the enzyme, which is the common
practice in enzyme technology.

In 1965, I, Sato'(73) discovered a more stable form
of the enzyme. He reported that a filamentous bacteria,

Streptomyces. phaeochromogenes, will produce ''glucose
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isomerase' when grown on xylose. The enzyme when used
in the presence of magnesium (for activation) and
cobalt (for heat stability) exhibits exceptional
activity and stability. A patent was granted to
Tsumura and Sato (74) in 1966 on the use of
Streptomyces species.

Despite such development in the field of glucose
isomerase, the process, at the time, was still generally
believed to be too costly for commercialisation. The
enzymatic conversion of glucose only gained industrial
recognition after Takasaki published a commercial
process (72) at the Fermentation Research Institute in
Chiba City. In all previous methods of cultivating
glucose isomerase, the costly xylose is essential and
this results in the entire conversion process to be
economically unfavourable. In the report, it is proposed
that such cost could be reduced by growing special
strains of Streptomcyces on crude xylose such as cereal
bran or straw, in place of xylose. A patent was applied
for (75). Later, Takasaki and co-workers (76), outlined
in detail a proposed commercial isomerization process
in which enzyme-containing cells of Strepomyces albus
are added directly to the glucose substrate. When the
isomerization is completed, the cells are recovered
and reused in the subsequent batch reaction. Alterna-

tively, the cells could be used continuously in columns.
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Due to Takasaki's success in producing the glucose
isomerase more economically, interests in the commercia-
lisation of the enzymatic conversion process was
aroused. Standard Brand Inc., purchased the Takasaki
know-how and patent rights, and after a programme of
technological development, brought the process into
commercial production in 1967 (