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CHAPTER 1
Introduction

1.1. CHEMURGY

The word chemurgy was coined by William J. Hale, and was first
used in his book The Farm Chemurgic in 1934 (1). It was derived from
the Greek words chimia (chemistry) and ergon (work) and was used for
industrial utilization of farm products. A more modern and general
definition might be the use of renewable resources for materials and
energy (2,3). Among these renewable resources, carbohydrates rank
first.,

Carbohydrates are produced every year in large quantities by photo-
synthesis., The overall production is high in spite of a low efficien-
cy. Only 0,87 of the solar energy that reaches the earth is used for
fotosynthesis, One can hardly believe that this efficiency will not be
further improved in the future (54). The annual production in terms

of energy is 3.1021 J, while the world's annual energy consumption is

presently only 3.1020J 4).

Since the report of the Club of Rome was published, the interest
in alternatives for energy and chemical feedstock is growing (5). Due
to the enormously increased price of oil the economic attractiveness
of processes based on carbohydrates instead of oil is increasing too
(6-13). The most important potential resources in this respect are

12 kg a_l), sugar from cane and beet (1.2,

cellulose from wood (0.8.10
1011 kg a‘-l

and cassava (1012 kg a-l) (13,14), Cellulose in the form of wood is

in 1978) and starch from cereal crops, maize, potatoes

applied as a construction material and as a fuel (15-17). Estimates
regarding its present contribution to the annual energy consumption
are 6 and 15Z (18,4), Only about 10% of the cellulose is converted to
paper, cellulose fibres and films, or to other qommodities (19-24),
Sucrose is mostly used directly in foods and allied products (25-28).
Alcohol from sucrose containing materials as an supplementary alter-—

native fuel and as a feedstock for chemical industry is becoming
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important (29-31). Starch is mainly applied in food, paper, textiles
and adhesives (32-36). About 10% is hydrolysed to glucose. From the
monosaccharides obtained by hydrolysis, glucose is the most impor-
tant as a base material for the chemical industry. Nowadays already
a number of products can be produced from glucose at a commercial
scale such as fructose, sorbitol and mannitol, ethanol, glucqnic acid, -
lactic acid, glycerol and glycol (37-40). Lactose is one of the few
carbohydrates from animal origin, which is produced in large quanti-
ties. It is prepared from whey, a by-product in the manufacture of
cheese (41,42), Lactose is mainly used in pharmaceutical products.,
This thesis deals with the kinetics of the heterogeneous alkaline
isomerization of carbohydrates, In particular, the isomerization of
glucose, fructose and mannose as well as lactose and lactulose, cata-

lyzed by strongly alkaline ion exchangers has been studied.
1.2, ECONOMIC ASPECTS OF THE ISOMERIZATION PROCESS

Isomerization of glucose yields a mixture of glucose and fructose
and small amounts of mannose, This mixture is known by many names,
e.g. isoglucose, isomerose, fructo glucose, HFS (High Fructose Sirup).
The sweetness of isoglucose (glucose : fructose N 1 : 1) is about
equal to that of sucrose, which makes it a good alternative for su-
crose. Its application is somewhat limited because isomerose cannot
be crystallized.

The development of the isoglucose production is strongly influenced.
by agro-political circumstances., Because the U,S.A., is the largest
maize producer in the world, while it has to import sucrose, it was
economically attractive to start the isoglucose production there as
soon as the appropriate technology was developed in 1967 (47). In
1975 the annual production in the U.S.A. was already 0.45.]09 kg
while in the E,E.C. the production then still had to be started; Due
to the strong position of the farmers in the Common Market the E.E.C,
Council of Agriculture Ministers decided to impose a lery on the ma-
nufacture of isomerose, taking effect as from 1 July 1977, On 25 Qc-
tober 1978, however, the European Court in Luxemburg repealed in fact
this decision, so that for the near future an increased interest in

the isomerization product of glucose can be expected (48,49).



Isoglucose as a feedstock for other processes opens up new fields
of applications, The dehydration gives hydroxymethylfurfural (HMF)
and levulinic acid (40) while by hydrogenation the important products
sorbitol and mannitol are obtained (50).

The isomerization product of lactose can as such be used as a me-
dicine against constipation and special forms of liver trouble (51,
52). Hydrogenation of the lactose gives lactitol and epilactitol (53),

and oxidation gives lactobionic acid (101).
1.3, ISOMERIZATION OF CARBOHYDRATES
1.3.1. SURVEY

Since the work of Peligot (102,103) in 1838 and the important ar—
ticle of Lobry de Bruin and Alberda van Ekenstein (55) many articles
have been published on the isomerization of-carbohydrates*. The aldo-
keto conversion is not only important for the glucose-fructose and
the lactose-lactulose isomerization. According to the same mechanism
we also can consider the isomerization of xylose to xylulose, galac-
tose to tagatogse, maltose to maltulose, melibiose to melibiulose and
ﬁany others (56).

The glucose-fructose conversion can be carried out with two dif-
ferent kinds of catalysts:

- the enzyme glucose isomerase;
- alkaline catalyst, with or without additives,
These catalysts can be used in homogeneous as well as in heterogeneous

reaction systems (57).
1.3.2. ENZYMATIC ISOMERTZATION

In 1957 Marshall and Kooi were the first to isolate an enzyme that
converts glucose to fructose (58). Hardly ten years later a process
based on this enzyme was applied in a commercial plant of the Stan-

dard Brands Company in the U.S.A. (47).

N
It appendix | a survey of the structural formulas of various sugars

and sugar—acids is given,

13



The most important characteristics of the process are (59):
- the selectivity is high;

In Figure 1.1 kGF >> k... and kFG >> k

GD FD’

- the catalyst costs are high.

Glucose = =2 Fructose

kGD kli‘D

Degradation products

Figure 1.1. Simplified scheme of the isomerization and degradation of
glucose and fructose.

When high purity of the glucose-fructose mixture as an endproduct is
important, the enzymatic conversion will be the most preferable pro-
cess (39). For all the other isomerizations, mentioned in section
1.3.1, no enzymes have been found yet, but all these reactions can be

catalyzed by alkali.
1.3.3. ALKALINE ISOMERIZATION

Because alkali is the oldest isomerization catalyst in carbohydrate
chemistry, many articles have been published about this subject. In
chapter 5 a detailed literature survey will be given. The most impor-—
tant characteristics are (39):

- the selectivity is low;
- the catalyst costs are low;
- the process is simple,

The alkaline isomerization can be carried out homogeneous e.g.
with NaOH as well as heterogeneous e.g. with ion exchangers. In case
the isomerization is only the first step of a reaction sequence, the
selectivity as well as the conversion can be increased to a great ex-

tent. By combining isomerization with e.g. a hydrogenation, the



fructose formed can be hydrogenated straight away to sorbitol (syste-
matic name is glucitol) and mannitol, so that the,fructose.concentra—
tion remains relatively low., Because the degradation products are

faster formed from fructose (in Figure 1.2: k N3k the total

FD GD)’
degradation will decrease and the selectivity will increase.

Sorbitol Mannitol
k
FS1
kGSl kFMa
k
Glucose =% /tose
Degradation

Figure 1.2, Simplified scheme of the isomerization, hydrogenation and

degradation of glucose and fructose.

A second advantage is that the hydrogenatioh reaction is generally
irreversible, so that the glucose conversion is not limited to the
thermodynamic equilibrium value of about 50%. By combining both cat-
alytic functions on the same catalyst carrier, little diffusional
transport from the one type of site to the other is required. By de-
positing platinum on a strongly alkaline ion exchanger, and adding
hydrogen to the reaction mixture, the isomerization of glucose and
the hydrogenation reactions can both take place on such a bifunction-
al catalyst, so that sorbitol and mannitol are produced in one pro-
cess step (246).

Vellenga (39) has shown that the hexose anion can be considered to
be the active species in the isomerization reaction. Schematically
the reaction system for the interconversion of glucose and fructose

can be presented as in Figure 1.3.
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G
GHsol‘ Gsol
kFG,sol‘\ kGF,sol
—
FHsol i j Fsol

Figure 1.3. Kinetic description of the homogeneous isomerization of
glucose to fructose. The index 'sol' refers to solution.

*
The molecular glucose in the solution GHS will deprotonate, de-—

1
pending on the hydroxyl concentration andothe ionization constant KG.
The ionized glucose G;ol will react to the fructose ion, which in
turn is in equilibrium with non-dissociated fructose.

For the heterogeneous isomerization the same reaction is supposed
to occur inside the catalyst. The hydroxyl groups in the alkaline ion

exchanger deprotonate the adsorbed. glucose:

. +‘ ]
Gﬂie * OHie * Gie H201e

The isomerization products desorb from the catalyst by diffusion. In
Figure 1.4 the process is shown schematically. This scheme shows that
the following steps have to be taken into account to describe the
isomerization process:
- dissociation
The dissociation in the solution and in the ion exchanger determine
the concentrationﬁ of the hexose ions in these two regionms,
- homogeneous isomerization ‘
Because the pH in the solution is relatively low (pH < 8) the homo-

geneous isomerization can be neglected.

For all sugars (S) the next notation will be used:
SH = molecular sugar;

S = ionic sugar;

S

all sugar (S = SH + S ).



K K K

¢ _ AG ¢
——— . -
(GHsol ~ Gsol) Bl CHie == Gie)
kFG,sol kGF,sol kFG,ie kGF,ie

5 Kar 5

- o P
Fl-Isol - Fsol B FHie‘ Fie

Figure 1.4. Kinetic description of the heterogeneous isomerization of
glucose to fructose. The indices "Ze" and "AS" refer to

ton exchanger and adsorption of sugar, respectively.

- adsorption
The equilibrium between the concentration of a sugar in solution
and its concentration in an ion exchanger can be described by an
adsorption constant (for gluclose: KAG).

- diffusion
When an ion exchanger is added to a glucose solution, diffusion of
the glucose to the active sites in the catalyst occurs, and in the
same way the isomerization products will diffuse to the solution
where the concentration is lower,

- heterogeneous isomerization
In an ion exchanger the hydroxyl concentration is very high. This
gives a high degree of dissociation for the hexoses in the ion ex-
changer, so that isomerization can take place.

For the isomerization of lactose or other carbohydrates the same de-

scription applies.
1.3.4. ALKALINE ISOMERIZATION WITH ADDITIVES

The convergion of glucose to fructose is limited by the thermo-
dynamic equilibrium between glucose and fructose in the solution, By
adding a complexing agent selective for fructose, it is possible to
reach a much higher conversion to the complexed product, It is clear
that this higher yield must be paid for by a more complex and costly

operation,
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In 1960 Mendicino (60) reported a conversion of 80-857 to fructose
for an alkaline isomerization in the presence of borate ions, but
this high conversion has not yet been reproduced by other investiga-
tors (61-66).

A similar effect can also be reached by using sodium or potassium
aluminate (68-78). In this way Shaw and Tsao (79,80) could reach a
conversion to fructose of 707. Almost no mannose has been found but
the conversion to psicose was relatively high. These authors assumed
that the complexed sugars were the active intermediates in the iso-
merization.

Recently Rendleman and Hodge (81) reported on this isomerization

with the aid of an ion exchanger resin, treated with sodium aluminate:
NaAlo

, * 2H20+CIie'—NaCI +A1(01-I)4 ie (1. 1)

They found that the isomerization is catalyzed by hydroxyl, while the

aluminate only complexes the fructose produced:

AL(OH) ", ..-—_~01-Ize + AL(OH) 4 . (1.2)
GH oy + OH;e = G;e + Hy0 (1.3)
G;e =F==F;e | (1.4)
F;e + AL(OH), , ===F-AL(OH), . (1.5)

The complexation of glucose and mannose appeared to be very low.
Rendleman and Hodge found in an ion exchanger without borate the e-

quilibrium constant K = 1.4, With aluminate this constant

cr = %or/¥ro
was found to be 21, These data make it possible to calculate the e-
quilibrium distribution between glucose and fructose in the ion ex-
changer. When the complexation of glucose can be neglected and we
consider only glucose and fructose, we calculated:
n 4.5%
F.o 6.5%
F-Al(OH)3 je = 89 7

ie

18



For the isomerization of lactose and other oligo saccharides, the
same effect is published (75,247-253), In chapter 5 we will come back

to the isomerization of sugars.
1.4. AIM AND OUTLINE OF THIS THESIS

After the first publication of Rebenfeld and Pascu (82) many pa-
pers have been published on the heterogeneous alkaline isomerization
of carbohydrates. See also chapter 5 for literature data, Besides the
experimental data only data on the amount of fructose obtained or the
measured D.E.—value* have been presented.

Recently, however, Rendleman and Hodge (81) published the first
paper about the kinetics of the heterogeneous isomerization. Their
measurements were carried out with a large excess of ion exchanger by
injecting 0.1-0.2 mmol of hexose into a column of 3-4 cm3 resin. After
immersing the column in a constant—temperature batch for a chosen pe-
riod of time, the sugars were washed from the column with 0.5-1,0 dm3
of water and analyzed, All their experiments were carried out under
the same conditions at 300 K with Bio-Rad AGZ-X8.

The main aim of this thesis was to study the kinetics of a hetero-
geneous alkaline isomerization process which can be applied directly
for industrial purposes. For this reason the experiments were carried
out with an excess of sugar instead of an excess of catalyst, This
leads to special problems because under these circumstances not all
the sugar can be adsorbed. When the excess of sugar is not too high,
the catalyst will only be partly covered by adsorbed sugar. This co-
verage can be determined by adsorption experiments. Again in order to
make our results applicable in industry we only used commercially
available resing. Several factors were studied:

- the catalystj; about 20 resins were tested;

~ the ion-form of the catalyst;

- the particle diameter of catalyst;

- the temperaturej

- the concentration of the sugar in the solution and in the ion ex—

changer;

D,E.-value (dextrose equivalence) = reducing ability based on dry

material, relative to the reducing ability of glucose.
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-~ the regeneration of the ion exchange resin,
Kinetic studies were carried out in a stirred tank reactor and a tube
reactor, The experiments with the tube reactor will not be discussed

in this thesis,

In chapter 2 the analysis of the various reaction mixtures is dis-
cussed. Two analytical systems based on ion exchange chromatography
were used for the analysis of the isomerization products of glucose
and lactose. A special colour reaction was developed to determine re-
latively low concentrations of ketoses in an aldose solution., Sugar
acids were determined with the aid of isotachophlioresis,

In the solution as well as in the ion exchanger the dissociated
sugar are subject to isomerization (39,83,84). While in the ion ex-
changer the sugar concentrations are relatively high, the solvation
can play an important role., For these reasons in chapter 3 the disso-
ciation and solvation in not—diluted sugar solutions will be treated.’

Chapter 4 deals with the properties of the catalyst. Diffusion and
adsorption of sugars in ion exchangers were studied extensively be-
cause they play an important role in the kinetic results. When the
diffusion is not slow relatively to the reaction it is very difficult
to interprete the data. In that case it is indispensable to know the
extent of adsorption in order to calculate the kinetic parameters from
measured reaction velocities.

In chapter 5 literature data from the homogeneous and the hetero-
geneous isomerization will be discussed. Subsequently a kinetic model
for the heterogeneous isomerization is introduced and a number of ki-
netic relations are derived. To interprete the experimental results

a mathematical model is derived.

20



CHAPTER 2

Analysis

2.1, INTRODUCTION

For the study of the kinetics of a reaction, an accurate analysis
of the reaction products is a prerequisite, ‘

During the isomerization in an anion exchanger, the reactant and
the reaction products will be distributed over the solution inside
the catalyst and the free solution, The distribution over these pha-
ses can be described with adsorption constants. In chapter 3 we will
return to this subject.

For the isomerization of glucose we can distinguish:

- the main isomerization products glucose*, fructose and mannose;

- several C6—Cl aldehydes and ketoses due to parallel and consecutive
reactions, such as psicose (245,254), sorbose (255,256), glyceral-
dehyde and glycolaldehyde;

- sugar acids such as saccharinic acids, glycolic acid and formic
acid.

In contrast with the circumstances in the experiments of Rendleman

and Hodge (81) we can say that under our conditions the C4-Cg sugars

are mainly in the free solution, On the other hand the sugar acids
that are formed remain for almost 1007 in the catalyst. To measure
the quantity of the sugar acids we have to remove them from the cata-
lyst e.g. with an excess of potassium chloride. As the chloride ion
adsorbs very strongly, it will drive out the other products. Experi-
mentally it is shown that a 3- to 4-fold of chloride is sufficient to
remove more than 957 of the sugar acids,

Starting from lactose the following products will be formed:

- the main isomerization products of lactose, lactulose (0-B-D-galac-—
topyranosyl-(1+4)~D-fructose and epilactose (0-B-D-galactopyrano—

syl—le4)—D—mannose);

N .
All products mentioned belong to the D-series.
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- gpalactose in relatively high concentrations by glycosyl splitting
of the disaccharides; '

- other 06—C aldehydes and ketoses due to side- and consecutive re-

1
actions such as tagatose and talose from isomerization of galac-
tose;

- sugar acids as saccharinic acids, glycolic acid and formic acid.

Thus, the composition of reaction samples can be quite complicated,

However, depending upon the information required, a complete quanti-

tative analysis is not necessary in each experiment, For most kinetic

experiments starting with hexose, only the glucose, fructose and man-
nose concentrations are determined. For the lactose experiments
generally the lactose, lactulose and galactose concentrations are

measured only. .

For the analysis of the reaction products we .use 3 analytical
techniques:

- ion exchange chromatography;

- colorimetric analysis of ketoses;

- igotachophoresis.
2.2, ION EXCHANGE CHROMATOGRAPHY

The analysis of the isomerization products by ion exchange chroma-
tography has been described in several papers (85-94), For both the
glucose and lactose isomerization reaction, analytical systems are

developed.
2.2.1. EXPERIMENTAL

A scheme of the analytical system with a description is given i

=

e
ct

Figure 2.1, The eluant is kept at a temperature of 370 K to keep
degassed, and pumped to a precolumn with an Orlita membrane pump
(type DMP/AE—10-4,4)., This column, with a length of 130 mm and a dia-
meter of 4 mm, is filled with a relatively inexpensive ion exchanger
(Aminex AGZ-X8 from Bio-Rad), This column decreases the pressure pul-
sations across the analytical column and removes impurities in the
eluant., The sample is injected by a self-made valve and a pneumatic

actuator. The sample loop in injection valve 5 °'is filled with 10 nm3
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*1 = eluant supply
2 = eluant pump
3 = precolumn
4 = sample unit
5 = injection valve
6 = separation column
7 = 3-way valve
8 = peristgltic pump
9 = reagent supply
10 = air pulse eystem
11 = reaction thermostat
12 = debubbler
r 13 = colorimeter
! 14 = waste
1 15 = integrator with mioroprocessor
1 16 = recorder
t
'
1
|
]
1
1
)
1
1
)
]
1
1
|
1
! s
i b
' c
1 d I n
! e :I A
, air f M
H .
)
|
1
|
]
[

Figure 2.1, Block scheme of the liquid chromatograph. The flows of

-
[=

the peristaltic pump 8 ave: a = 12 nmg/s, b= 11 nmg_/s,
c = 44 nmg/s, d= 8 nmg/s, e = 25 nmg/s and f = 88 nmg/s.

of sample by suction from the sample unit with a Technicon peristal-
tic pump 8 (type PPI), The thermostated separation column is slurry
packed after suspending the ion exchange resin in 1 M NaCl, The dead
volume on the top of the column is reduced to a minimum by using an
adjustable spindle. The column is filled with Aminex A 25 from Bio-
Rad with a particle diameter of 17.5 + 2 um. After the separation co-
lumn. almost 100Z of the eluate is pumped to the reaction thermostat.
For initial experiments the concentration of thé starting material is
relativeiy very high. To prevent an overload of the detection system,

a three-way valve is mounted. When the eluant with too high a
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concentration pulse leaves the separation column, the 3~way valve is
switched to such a position that the pulse is drained to waste. The
3-way v&lve, the injection valve and the sample unit with the sample
bottles are directed by a micro processor in the electronic integra-—
tor (L.D.C. type 304-50). This makes it possible to analyse continual-
1y without supervision. The detection takes place by reaction of the
eluated components with orcinol reagent (70 v/v % H,50, with 1 g/dm3
3,5-dihydroxytoluene). The reagent is segmented by air with a special
air pulse system, mounted at the peristaltic pump. This makes it pos-—
sible to inject air bubbles with the same frequency as the pump pul-
sation..Coherence of the pulsation of the pump and the pulsation by
injection of air gives a strong decrease of the noise level, Just
before the detector (Technicon single channel colorimeter) the reac-
tion stream is debubbled by withdrawing only a part of the liquid
through the cell of the colorimeter., To prevent pressure fluctuations
in the cell an atmospheric outlet is created for the waste flow. The
signals of the colorimeter are recorded and the peak areas are deter-

mined by the integrator.
2.2,2. ANALYSIS OF THE ISOMERIZATION PRODUCTS FROM GLUCOSE

This analysis is a modification of the method described by Verhaar
and Dirkx (90). The analytical conditions are given in Table 2,1, The
peak areas are converted to the corresponding concentrations is done

by the relation:

2
C=c A 2.1)
with C = concentration of a component in a sample;
A = peak area from the integrator;

€;»¢, = constants which can be calculated from the peak areas of
calibration samples.
This equation makes it possible to correct for small deviations of
the relation of Lambert-Beer (QZ # 1.0),
Figure 2.2 gives a chromatogram of a reaction sample of the isomeri-

zation of glucose,
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eluant composition : L9 M H3B03
01 M Nazl?.llo7
.025 M NaCl

eluant flow s 11 nm3/s

ion exchange resin : Aminex A-25

column dimensions : 215 x 4 mm
column temperature : 348 K

chemical deteqfion : orcinol reagent
reagent flow s 44 nm/s

reaction temperature : 368 K
reaction time : 800 s

detection : colorimetric, 420 nm

Table 2.1. Conditions applied for the analysis of the glucose isome-—

rization samples.

M

5 x absorbance—

absorbance -

time [ks] —

Figure 2,2. Chromatogram of a sample of an isomerization mizture ob-
tained starting from fructose: M = mannose (1.1 mol m_g),
F = fructose (7.3 mol m-g), P = psicose and G = glucose
(6.4 mol m °). The upper curve is amplified 5 times as
compared with the lower one.
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The side-products XI’ X2, X, and Yl’ Y2 and Y3 are present during he-

3

terogeneous as well as during homogeneous isomerization. The gross-

retention times (tr) relative to glucose are given in Table 2.2,

product tr Caiiz;izion tr
"iﬁjection” .00 "injection" .00

X, .38 glycolaldehyde .40

X2 .43 glyceraldehyde .57

X3 .57 mannose .59

M .59 arabinose .65

Y, .65 ribose .65

Y, .69 erithrose .79

Y3 .75 fructose .80

F .80 psicose .87

P .87 glucose 1.00

G 1,00 sorbose 1.20

Table 2.2. Relative retention Table 2.3. Relative retention

times of side products times of calibration
and isomerization pro- samples

ducts of glucose, fruc—

tose and mannose.

For identification some calibration samples were injected. In Table
2.3 the results are given. Glycolaldehyde has a retention time be-
tween the products X] and X2. Glyceraldehyde synchronizes with pro-
duct Xj. Arabinose and ribose synchronize with product Y while ery-
throse will be eluted together with fructose, Psicose ' gives a peak
between glucose and fructose and sorbose will be eluated after the

glucose peak,

D Obtained from Dr. K. Vellenga of the Department of Technical Che-

mistry of the University of Groningen.
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A more detailed identification of the products has not been carried
out., The chromatogram of Figure 2.2 ghows a reaction sample of fruc-
tose isomerized with low selectivity. Generally X3, Y2, psicose and

sorbose are low and cannot be distinguished.
2.2,3. ANALYSIS OF THE ISOMERIZATION PRODUCTS OF LACTOSE
The determination of lactose, lactulose, epilactose, galactose and

tagatose is similar to that-given by Verhaar et al. (93). In Table

2.4 the analytical conditions are given,

eluant composition : L4000 M H3BO3
.005 M Na,B,0

3 27477
eluant flow : 11 nm™/s
ion exchange resin : Aminex A-25
column dimensions 1 60 x 4 mm
column temperature : 348 K

chemical detection : orcinol reagent
reagent flow s 44 nma/s
reaction temperature : 368 K

reaction time 800 s

..

detection colorimetric, 420 nm

..

Table 2.4. Conditions applied for the analysis of the lactose isome-

rization samples.

An example of a chromatogram of a reaction mixture obtained starting
from lactose is given in Figure 2.3, The signal of the last part of
the chromatogram is amplified by a factor 10. Peak 5 was ascribed to
talose, To confirm this an experiment was carried out starting with
galactose. In figure 2,4 a chromatogram is given. Isomerization of
galactose gives tagatose and in a smaller amount talose, This isome-
rization is similar to the conversion of glucose to. fructose and a
little mannose. Peak 7 (with 5 x extinction) has the appearance of a

double peak, It was not identified. In analogy with the psicose
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1 10 x absorbance

8

5 1 3

Q

3

a 2

4 5 s
s alumm s T /T\'/\ T
[} 1 2

time [xs] —

Pigure 2.3. Chromatogram of a sample from a lactose isomerization ex—

periment: peak 1 = remainder of the drained lactose peak,

2 = eptlactose, 3 = galactose, 4 = lactulose and 6 = taga-
tose.
5 x
absorbance |3 5 x absorbance .
o
Q
=
]
Ee]
N
o
w
3
1 ' 8
5
: .
L4 T L} T T L]
. 1 2

time [ks] —

Figure 2.4. Chromatogram of a sample of an isomerization of galac-
tose: peak 3 = galactose, 5 = talose, 6 = tagatose, 7 =

widentified and 8 = sorbose.

formation from fructose some sorbose can be expected (peak 8). This
was checked by injecting a sample of the galactose isomerization mix-
ture in the ion exchange chromatograph under the same conditions as

for the analysis of glucose isomerization (see section 2.2,2).
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In Figure 2.5 the chromatogram, combined with a calibration chromato-

gram is given,

8

§ G

: A /F\/\

n

L

[} Aﬁ I/\ T T T
’ 3

1 2

absorbance —

time [ks] —

Figure 2.5. Chromatogram of a sample of an tsomerization of galactose,
analysed on a chromatograph under the conditions given for
the analysis of glucose isomerization mixtures (Table 2.1):
1 = galactose, 2 = talose, 3 = tagatose, 4 = sorbose. The
upper chromatogram is for a calibration sample with M =

mannose, F = fructose and G = glucose,

The relative retention of peak 4 (1,20) is in full agreement with the

value for sorbose (see section 2.2.2).
2.3. COLORIMETRIC AWALYSIS OF KETOSES

This analytical system makes it possible to determine ketoses
quantitatively in the presence of a more than 5000 fold excess of
aldose. It is based on the formétion of coloured products by dehydra-
tation of a ketose under the influence of hydrochloric acid. The con-
centration of the coloured products can be measured accurately with a
colorimeter. Carbohydrates others than ketoses have only a minor in-

fluence on the results. Kennedy and Chaplin (94) showed that at a
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wavelength of 415 nm the coloured products of glucose give an absorp-
tion which is only 0.057 of the absorption of fructose; while for
mannose this value is 3,4%. This makes it possible to use this system
for the analysis of the samples from the isomerization of glucose to

fructose, of galactose to tagatose and of lactose to lactulose,

2.3.1. EXPERIMENTAL

A scheme of the analytical system is given in Figure 2.6,

sample unit
direoting unit
reference liquid
3-way valve

Gt ke

wnonon

reagent supply
periataltic pump
air pulse system
spiral reactor

DN e

debubbler
colorimeter
recorder
waste

1
1
i
1
1
I
|
1
'
I
————-d
[
o
0oHon

11
_ o i 12

sla|o|o|s
|~l

Figure 2.6. Block scheme of the ketose analysis. Flows of the peri-
staltiec pump are: a = 12 nmg/s, b = 56 nmg/s, e = 12
nmg/s, d =10 nmg/s and e = 88 nmg/s.

For the determination according to this method a sample is drawn
from sample unit | with a peristaltic pump (Chemlab type CPP 15). Air
bubble segmented concentrated hydrochloric acid (chemically pure) is
added, and the mixture is passed through a helical reactor. After at-
mospheric debubbling the colour is measured by a colorimetér (Chemlab
Continuous Flow Colorimeter) and registred. To keep a stable base
line it appeared necessary to keep the colorimeter thermostated at

300 K. Between two reaction samples the 3-way valve ig excicated and
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a reference sample introduced. It is preferable that the reference
liquid is the same as the initial reaction mixture. This becomes im-—

portant when concentrated samples with a high viscosity are used.

2.3.2. RESULTS

The analytical conditions for the fructose detection are given in

Table 2.5.

sample flow : 12 nm3/s
reagent : concentrated HCL
reagent flow : 56 nm3/s

reaction temperature : 353 K

reaction time : 16 s
wavelength : 415 nm
cuvette length ¢ 10 nm
time for analysis : 250 s

Table 2.5. Conditions for the ketose analysis.

When the total sugar concentration is lower than 50 mol m_3 we can
use pure fructose solutions for the calibration. The lower detection
limit is 0.] mol m_3. It is not possible to decrease this limit by
increasing the reaction temperature because above 355 K the reagent
starts to form bubbles in the reactor. Figure 2.7 shows an example of
an analytical result. When the total sugar concentration is higher
than 0.2 M, the calibration samples have to be a mixture of ketose
and aldose with a total concentration equal to the total concentra-
tion of the unknown samples. When this is done not only the influence
of the viscosity of the sample is eliminated but also the signal of
the aldose is taken into account, To relate the concentrations to the

signals an empirical relation of the following form has been used
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absorbance —e

time [ks] —

Figure 2.7. Extinction of calibration samples. The samples 1, 3, 6
and 9 contain the reference liquid, while the samples 2,
4, 5, 7 and 8 contain calibrations samples with a known

ketose concentration.

with H = signal height with respect to the base line;
C = concentration of the ketose;
C|sCysCq = constants which can be calculated from the gignals of

calibration samples.
In FigureAZ.S an example of a calibration curve is given.
For the detection of lactulose in a lactose solution the same ana-
lytical conditions have been used, Some calibration samples were ob-

tained from pure lactulose, lactose and galactose (Figure 2.9).
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absorbance —

C_, —

F

Figure 2.8. Calibration curve for the analysis of ketoses.

The signal per concentration unit,
is for lactose 1.7 and for galac-
tose .9 when the signal for lactu-
lose is 100,

From these results we can con—
clude that for both isomerization
reactions the ketose concentration
can be determined accurately and

quickly. The method has to be ap—

absorbance —

plied with circumspection because
at higher conversions or under low
selective circumstances the signal
due to other ketoses as side pro-

ducts cannot be neglected any more.

Figure 2.9,
Calibration samples containing:

! 1 = water
2 = lactulose ( 10 mol m—g)
3 = lactose (100 mol m-g)
4 = galactose (100 mol m_g)

time [ks] —
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2.4. ISOTACHOPHORESIS

For the separation of ionic products washed from the ion exchanger,
isotachophoresis is a most useful analytical system. The principle and
the theoretical background of iso;achophoresis have been described by
Everaerts et al. (95-97).

Two sets of analytical conditions were used to analyse the degra-

dation products. A good separation of C ~Cq aldonic acids can-be

5
realized at a relatively high pH of the terminator,.while a separa-
tion of iso- and metasaccharinic acid requires a relatively low pH.

In Table 2,6 and 2.7 the analytical conditions are given.

leading electrolyte : .01 N C1° (pH = 6.02)
terminator : .005 M morfoline ethane

sulfonate (pH = 6.10)

counter ion : histidine
capillary : teflon: 200 x .5 mm
current strength : 30 ua

Table 2.6. Conditions for the isotachophoresis of the 05—06 aldonic

aetds.

leading electrolyte : .01 N C1~ (pH = 3,25)

terminator : .01 M capronate (pH = 6.0)
counter ion : B-alanine
current strength : 30 ua

Table 2.7, Conditions for the isotachophoresis of iso— and metasaccha-

rinte acid.
For the identification of the isotachopherogram metasaccharinic

acid was prepared as described by Whistler (98) and isosaccharinic

acid was obtained from Philips Duphar. For the identification of
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2,4-dihydroxybutyric acid and 3-deoxypentonic acid an homogeneous
glucose degradation experiment was carried out under the same condi-
tions as described by Minderhout (99) and de Wit (100). The results

are given in Table 2.8.

Composition in mol Z
Products de Wit | our results

1) 1)

formic acid - 3 -
glycolic acid 3 3 3
acetic acid - 6 -
lactic acid 69 60 66
glycerolic acid 1 1 1
2-methyl glyceric acid 1 1 1
2,4-dihydroxybutyric acid 9 8 9
3-deoxypentonic acid 1 3 3
saccharinic acids 14 15 17

Table 2.8. Comparison of the analysis of a glucose degradation expe-
riment with results of de Wit (165).
1 formic acid and acetic acid are not takem into account

to factlitate comparison.

As we found that 2-hydroxybutyric acid and 2,4-dihydroxybutyric acid
show up at exactly the same place in the isotachopherogram, we assume
that also 3,4-dihydroxybutyric acid may have the same transport rate,
During isomerization of sugars 2,4-dihydroxybutyric acid as well as

3,4-dihydroxybutyric acid can be formed. Iﬂ Figure 2.10 isotachophe-

rograms of both analytical conditions are given.
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Pigure 2.10. Isotachopherogram of a sample from the isomeriszation of
glucose. The analytical conditions of the left isotacho-
pherogram-are given in Table 2.6, while the right one
agrees with Table 2.7.
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CHAPTER 3

Ionization and solvation
of carbohydrates

3.1, INTRODUCTION

Carbohydrates are Zontzed in alkaline aqueous solutioms. This re-
action causes mutarotation and, via carbanion formation (enolate ion),
isomerization and degradation take place,

Mutarotation is the transition between the a- and the B-hemiacetal
isomers and the cyclic furanose and pyranose structures (104-106).
Nowadays it is generally accepted that mutarotation takes place by
ring-opening, forming a pseudo-cyclic intermediate (107-109). Also
the solvent is supposed to play an important role (110,111). Gram et
al, (112) and Kjaer et al, (170) found that the mutarotation is se-
cond order in the concentration of water. Kjaer et al. found that at
low water concentrations this order even can rise to 3.7. This in-
fluence was also mentioned by other investigators (I113-116). Recently
de Wit et al. (117) stated that the complete rupture of the ring C-0
bond, coupled with a substantial reorganization of the water mantle
upon rotation will determine the energy barrier. for mutarotation.

Mono- and reducible oligosaccharides are weak acids. The ioniza-
tion of the anomeric OH-group is an essential step in the igsomeriza-
tion and epimerization reactions. As Zonization is much faster than
mutarotation (118,162), we can distinguish between the ionization
constants of a- and B-forms. Los and Simpson (130) found for ApKG
(= pKG,a - pKG,B for the pyranose forms) a value of .29, while de Wit

et al., (117) found that ApK., = .19, When only one pKa—value is given

G
in the literature, it must be considered to be an overall ionization
constant, These constants have been determined for many carbohydrates
at various temperatures (120-139), Different techniques were used in-
cluding potentiometric, polarimetric, conductometric, thermometric,
NMR and UV titrations. In Table 3.1 a survey is given of the PR -

values at 298 K of five carbohydrates which are of interest for the
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present study, All concentrations are expressed in mol m_3. The con-

centrations in pH and pKS, however, are expressed in kmol m_3. This

makes it possible to compare pK and pH values with literature data.

PK,
Author:

glucose fructose | mannose lactose lactulose
Madsen (125) | 12,23 11,99
Hirch et al.(126) | 12,107 11,693 11.98
Urban et al.(127) | 12.09 11,68
Souchay et
al. (128) | 12.96
Kilde et al.(129) | 12.34
Los et al. (130) 12.493)

12.20b)
Ramaiah et
al. (131) | 12,87 12,67
Guillot et
al. (132) | 12,35 12,21 12,13
Bunton et 12.34
al, (133) | 12,38
Tzatt et al.(134) | 12,46 12,27 12,08
de Wilt et
al. (135) | 12.51 12,31
Christensen 12,28 12.03 12,08
et al. (136) [ 12,729 | 12,53
Degani (137) | 12.35
de Wit et 12,7829
al. 7y | 12,609

13.9 9 | 14,299 | 14,0880 13,688 | 13,999
Table 3.1. Ionization constants of several sugars in a diluted aquous
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solution at 298 K.

283 K;

d) _

of 1100 mol m °.

a)

b)

= a-anomer;

= at 276-278 K;

e)

e
= B-anomer; %

= at

= with a sugar concentration




From this table we can conclude:

pK 12,4 + ,25

G,298 K z

|+
w

PKp 298 g = 1241

PRy, 208 k = 121 £ -1

When we leave out the results of de Wit et al., we see that fructose
is more acidic than glucosé (ApKa = .27 + .10). Izatt et al, (134)
ascribed the lack of agreement between the various studies to the
differences of the ionic strength of the solutions used, Thamsen (138)
found at 273 K a slight increase of pKa with increasing ionic strength,

Degani (137) however was unable to find any influence.

PRe 1
potentiometric NMR uv
Concentration Michaelis Thamsen de Wit et al.| de Wit et al.
glucose and Rona
(139) (138) (117) (83)
290-292 K| 291 K 273 K 277 K 283 K
.01 12,7
.05 12,46 12.97
.10 12.38 12,44 12.93
.125 _ 13.5
.20 12.28 12,40 | 12.88
.50 12.26 13.8
1.0 12,05
1.1 13.9

Table 3.2. Literature data of pKG p a8 a function of the ceoncentration
E)
of glucose.
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Only three authors describe a dependence of the pKa on the hexose
concentration. Michaelis and Rona (139) as well as Thamsen (138) found
out that pKa is decreasing with increasing glucose concentration,
while de Wit et al, (11%) found the opposite, as is shown in Table
3.2, In section 3.3.2 we will discuss this matter further,

Alsd, in an alkaline ion exchanger proton abstraction will take
place before isomerization, Inside such a catalyst the concentration
of the reaction components is relatively high. In view of the discre-
pancy of the literature data it was considered to determine the de-

gree of ionization at high hexose concentrations,
3.2, EXPERIMENTAL

The ionization measurements were carried out by potentiometric ti-
tration., All chemicals used were pro analyse. The water used was dis-
tilled twice and CO,-free. In a thermostated reactor of 150 cm3, pro- .
vided with a magnetic stirrer (Figure 3,1), the pH was measured with
a glass electrode (Radiometer, type GK 2401 B) in combination with a

pH controller (Radiometer, type TTT lc).

KOH-burette

magnetic valve X\ _J-—~-————-=---=- i:l pH controller
Ny —m e
I—_L_I recorder

reactor

magnetic
stirrer

Pigure 3.1. Reactor for potentiometric titratioms.

Corrections were applied for the temperature and the concentration of
the alkali. The electrode was calibrated with buffer solutions
(Merck's Titrisol), The titration was controlled by titrating pure.

water with C02—free 1 N KOH solution., When more than 5 cm3 KOHV
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solution was added, the calculated concentration OH differed less
than 57, The isomerization is neglected.

The experiments were carried out by titrating a known glucose so—
lution (about 50 cma) under nitrogen to three different pH-values.

All experiments are carried out at a temperature of 298 K,
3.3, RESULTS

The experimental results given in column (1)-(5) of Table 3.3 show
the final composition of thie glucose solution after adding the appro-

priate amount of alkali,
3.4, INTERPRETATION OF THE EXPERIMENTAL DATA
In solution, the chemical potential of each component is (140):
*
My =g+ ReT-1n (yi'Ci) - (3.1)

= chemical potential of a component in solutionj
= reference value of the chemical potential;

= gas constant;

u

u

R

T = temperature;
Y. = activity coefficient of component ij;
C

= concentration of component i.

For the solvent we define:

* 1
=My ot ReT*1n (yH20°CH (3.2)

) o)

n
H,0 2

*
By o = chemical potential of pure water, by consequence the concen-
2 . . .
tration of water is expressed as a fraction:

]

H,0 = CHzg/eHZO,pure (3.3

C
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-3 -3 9
Exp. CG.IO_3 CG.IO_ oH CK+(IZ3 COH—(l} CG (113 KG(I).lg PKG(I) PKG(I)
nr. mol m mol m mol m mol m mol m mol m
(1) (2) (3) ) (5) (6) (7N (8) &) (10)
.0635 10.05 ..559 12 447 .632 12,200
1 L0611 .0602 11,00 | 4.301 1.000 3.301 571 12,243 | 12,226
.0563 11.50| 11,936 | 3.162 8.774 .584 12,234
.0635 10.97 .571 117 454 .612 12.213
2 .0610 .0602 11,00 4.462 1.000 3.462 .602 12,221 (12,218
L0561 11,50 12,142 | 3,162 8,980 .603 12,220
71 10.04 1.234 .110 1.124 .604 12.219
3 . 156 . 158 11.00| 9,986 1.000 8.986 .611 12.214 | 12,220
. 148 11.20| 14,33) 1.58 12.746 . 595 12,226
171 10.03 1,221 107 1.114 612 12.213
4 . 156 .158 11.00| 9,782 1.000 8.782 .597 12,224 | 12,222
. 148 11,20 14,231 1.585 12.646 .590 12,210
.37t 10,00 2,828 . 100 2,728 741 12,130
-5 .352 .351 10.50 | 7.757 316 7.441 .683 12,166 | 12.159
.329 10.80 | 13,772 .631 13,141 .659 12,181
.371 10.01 2,737 .102 2.635 .699 12,156
6 .353 .351 10,50 7.584 .316 7.268 . 665 12,177 | 12,171
.329 10.80 | 13.830 .631 13.199 .662 12,179
.690 9.81 3.945 .065 3.880 .876 12,057
7 .673 .657 10,11 7.573 .129 7.444 .868 12,061 | 12,061
.609 10,50 16,442 316 16,126 .860, 12,065
AR 9.90| 5.037 .079 4.958 . 884 12,054
8 .701 .679 10.01 6.314 .102 6.212 .874 12,059 | 12,064
.626 10.50| 16,361 .306 16.045 .932 12,080
1.194 9.53| 4.479 .034 4.445 1,103 11.958
9 1.106 1.102 10.00| 11.448 . 100 11,348 1.037 11,984 [ 11.985
1.007 10.30| 19,366 .199 19.167 972 12,012
1,144 9.53| 4.403 | .034 4.369 1.131 11,946
10 1.108 1,100 10.00( 11,281 .100 11,181 1.019 11,992 | 11.982
1.047 10,20 16.175 .168 16,017 ,980 12,009
1.526 9,30 | 4.040 .020 4.020 1.324 11.878
bl 1.496 1.469 9.50 5.966 .032 5.934 1.259 11,900 | 11,901
1,384 9.90( 12.986 .079 12,907 1.185 11,926
1.524 9.33| 4,207 .021 4,186 1,288 11,890
12 1.493 1,467 9.50| 6.162 .032 6.130 1.304 11.885] 11.900
1.384 9,90| 12.998 .079 12,919 1.186 11,926

Table 3.3. Experimental results and calculations of KG(Z); Cop 18 not

in the table because CGH N CG.
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As the experiments were carried out undgr constant atmospheric pres—
3ure, u; is only a function of the temperature, For non-ideal solu-
tions Yy, # 1,

When a solution is in equilibrium the chemical potential of the
solution, G, is at a minimum and by consequence AG will be zero;

hence:

*
Tovseuy eq ~ Z{vi-ui}+ R-T-Z{vi-ln (yi.ci)}eq =0 (3.4)
* * :
AG = Z{vi'ui}= - R°T-Z{vi-1n~(yi-ci)}eq (3.5)
a6" = = ReTez{v,-1In y,} (3.6)
i i :
*
with AG = the difference of free energy of the pure components;
E

AG
* *
As By is only a function of the temperature, AG will be also only

the excess free energy.

a function of the temperature. The equilibrium constant is defined
as:

*

AG
R-T

In K, = Z{vi-ln (yi'ci)}= - (3.7)

Because pressure remains constant, the equilibrium constant should be
only a function of the temperature.
Applied to a glucose solution and including hydration of all spe-

cies:

Ke
GH*h . K H.O0 + q H o_—:c"-hc—ﬂ

i B 0+ H+-h.H+ H,0 (3.8)

2 2

% 0

+ -
—_—yt, h o~
P H20 _—H h'H+ H20 + OH hOH H20 (3.9)
with h = hydration number
q= hG- + hH+ - hGH (3.10)
p = hH+ + hOH_ + 1 3.1
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Y —-oC -y +eC. _+
K = G G Hq i . (3.12)
yGH'CGH'yHZO 'CHZO

Ya* Ca* You™ " Con™
P

(3.13)

KH (o] P.~'
2 Y *C
HZO HZO
In the following sections the equilibrium constant will be calcu-
lated on the basis of three different assumptions:
1. ideal solution, no hydration;
2. non-ideal solution, no hydration;

3. non-ideal solution, hydration.

They will be discussed in next sections,
3.4.1., IDEAL SOLUTION, NO HYDRATION

In ideal solution the glucose and water dissociation constants

(equation 3.12 and 3,13) are simplified to:

C.—+C +
¢ "%
X - H (3.14)
G(1) Co
e C4eC - (3.15)
KHZO(I) w**Con

During titration the total glucose concentration decreases somewhat,

The following relations hold:

Catery 103 ~ PH mol m > (3.16)
Con(1y = KHZO(I}/bH+(1) (pKHZO,ng = 13,9965) (3.17)
CG_(I) = CK+(1) + CH+(1) - COH_(I) (electro-neutrality) (3.18)

CGH(]) = CG(l) - CG—(I) (glucose balance) (3.19)
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In Table 3.3 column (6) and (7) the results of the calculations of
COH_ and CG— are shown, Furthermore, the values of KG(]) and pKG(l)
according to equation 3,13 are presented in column (8)-(10). As was
mentioned in section 3.1 three authors (117,138,139,165) have found a
relation between KG and the glucose concentration. In Figure 3,2 li-
terature data together with our results are given. For the sake of

clearness only the data of column (10), Table 3,3, are given,

& V4

&
7
13
1 A de Wit et al. (UV)
oK, & Qe Wit et al. (NMR)
(® Thamsen
{fJ Michaelis and Rona (Pot.)
1251 (® Present work

- L T L]
0 500 1000 1500

Figure 3.2, pK, as a function of the glucose comcentration at 298 K.
The temperature dependence of the data of Thamsen is used
to recaleulate them to the reference temperature 298 K.
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At low concentrations all results agree with the other literature da-
ta of Table 3.1, The concentration dependeﬂce of all potentiometric
titrations (Thamsen, Michaelis and Rona and ours) agrees with each
other, while the NMR- and UV-titration result shows an opposite de-

pendence. Just like Thamsen we find a slight decrease of pK with

G(1)

increasing ionic strength, It is clear that this approach dees not

lead to a concentration independent equilibrium constant.
3.4.2. NON-IDEAL SOLUTION WITHOUT HYDRATION

Equations (3.12) and (3.13) are now simplified to:

Yo Comeyt Gyt

K 3,20
6(2) Yeu'Coun 3.20)
Yyt CytYou Con™ (3.21y
Ka.0(2) = . .
2 y o C .
H,0" 1,0
' (3.22)
with =y, -C ‘ .2
aHZO H)0 H,0

It is very difficult to calculate the thermodynamic activity of water
in a multi-component system (163). For our experimental circumstances

(Table 3.3) the glucose concentration C " is much higher than the

G
ionic concentrations, viz,:

Con > 5.5 (CG— + COH_) (3.23)

For this reason the activity of water was provisionally assumed to be
equal to Yo in a pure glucose solution. The latter can be calcu-
lated from the measurements of Bonner and Breazeale (16]). These au-

thors gave the activity coefficient of glucose Yon and the osmotic

coefficient ¢GH as a function of the glucose molality L in a neu-
tral solution, In formulas
Yoy = 1+ .0220m "2 ©<m, <2 (3.24)
GH : GH S TGH *
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=1+ .012:my, 0 <m., < 2) (3.25)

The activity of water can be calculated from (142):

-3
In aHzo = - mGH'MH20'¢GH'10 (0 smy € 2) (3.26)

with MHZO = mol weight of water.

The activity coefficient Yoo and You~ have been calculated with
the Debye-Huckel expression, as corrected by Robinson and Stokes (142)

for solvation and the activity of the solvent.

1
— - I
10 ApeT 10

log v. = — T~ log (1 - .0l8¢h,*m.) +
i | 'di-I i1

+BT
+ b, 010 (3.27)
i aHZO -
T=met * myd = mem Moy (3.28)
with A298 K= L5115 kgi mol-i (Debye~Hickel constant);

Byog k = 3.291-]09 kgi mol_i m ! (Debye-Huckel constant);
dG— = diameter G 8~10—lO m;

. - -10
dOH_ = diameter OH ~ 2-10 m;
h, = golvation number; mol H,0 per mol 1i;
I = ionic strength in mol kgul.

The activity of water is calculated from Yeur Yo~ and You~ with
the Gibbs-Duhem equation (140). It appeared that a0 calculated with
relation 3.26 is a good approximation. 2

The thermodynamic quantities are between the following limits:

1.000 < You ° 1.045 (3.29)
.882 < Yoo < 1.000 (3.30)
.853 <« You~ < 1,000 . (3.31)
.967 < aHZO < 1.000 (3.32)
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To calculate the ionization constant a molality-molarity conver-

sion has to be applied:

C.
1
m. = — — — — = (3.33)
1op = MepCoy ~ Mg G ~ Mou~Con

and for the density of the solution:

p = 1000 + O.O67-CG (3.34)

In Figure 3.5 the equilibrium constant pK is given as a func-

G(2)
tion of the glucose concentration, We see that the linear concentra-

tion dependence of pK with regard of pK has almost not

G(2) G(1)

changed.
It is apparently not possible to eliminate the concentration de~
pendency by using the best known thermodynamic quantities from the

literature,
3.4.3. NON-IDEAL SOLUTION WITH HYDRATION

The literature data on the hydration of molecular glucose are
given in Table 3.4. We see that at 298 K most authors report an hy-
dration number of about 3,5.

For the hydration number of G no literature data are available,
From the entropy change during ionization conclusions have been
drawn about the hydration of GH and G (153,165,166). For that reason
we will pay attention to this matter. The entropy change during ioni-

zation in water is a result of:

- The change of the number of particles. From the point of view of
statistical thermodynamics an increase of the number of particles
causes an entropy increase of the system. When the hydration of the
species.formed, differs from that of the non dissociated compound,
hydration will have an influence on the total entropy change;

- The increased ionic strength., Ions give an increase of the electro-
static field in the solution. The solvent water is strongly polar
so that the water molecules will be hindered in their retation (167,

168). This effect causes an entropy decrease upon ionizationj
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) hGH experimental
Investigator 267 278 208 method
K K K
Shiio (143) 3.5 ultrasonic interferometer
Yasunaga et al. (144) 3.5 ultrasonic interferometer
Tait et al. (145) 2,3 | 1.8 | dielectric relaxation
2,2 17O NMR relaxation
Franks et al. (146) 6 dielectric relaxation
5 17O NMR relaxation
3.5 compressibility
Harvey et al. (147) >10 17O NMR relaxation
Suggett (148) 3.7 dielectric relaxation
2.7 freezing process
Miyahara (149) 2.0 | activity method

Table 3.4. Hydration of glucose, literature data.

—- The intramolecular hydrogen-bonding. An increase of intramolecular
H-bonding will lead to a decrease of the entropy of the glucose mo-
lecule (153,330).

For glucose in solution an entropy change upon ionization of - 110 J

mol_l K_l is calculated (119,128,134,136), Allen and Wright (166)

ascribed this negative entropy effect to a decrease of the number of

particles by an increase of the hydration of glucose during ioniza-
tion. If one excludes the ordening effect of the electrostatical
field, the entropy change upon ionization should be positive, when no

change in hydration takes place. Christensen and Izatt (164) give a

survey of the entropy change upon ionization of 103 acids. All of

them exhibited a negative entropy effect.

In our opinion the entropy change upon ionization cannot be ex-—
plained only by assuming an increase of the hydration of glucose, The
electrostatic field, combined with intra-molecular hydrogen bonding,

must have a dominating effect.
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The stoichiometric coefficient p, as defined in equation 3.9 and
3.11, is generally given as 2 in literature'(269,308,324—327). For
the hydration of H and OH™ mostly 1 and O are supposed (269,308),

Inside the ion exchanger the concentration of SH, S and OH can
be very high., According to Schwabe (163) it is impossible to deter-
mine activity coefficients at high electrolyte concentrations. As we
want to describe the ionization inside the resin, we looked for a
more simple method. Therefore we replace the literature information
on the activity coefficients of the various components in our system
by the simple assumption that the excess free energy AGE (equation

3.5) equals zero and that further effects must be ascribed to hydra-
'

H,0,free
ter is mnot taken into account. This approach was alsgo used by other

tion, For the water relative concentration (C, ) hydration wa-

investigations (155-160), Equations 3.12 and 3,13 then are trans-

formed to:

CG_-aq'CH3o+ _
KG(3) = .C' 3 (3.35)
GH-aq H20,free
“,0"" Con”
Hzo,free
with
. 6.28+Co + hy*Coy + ho=rCom ‘
CH 0,free b (3.37)
27 55508

In (3.37) we used the total relative water concentration:

[ 6.28+C

G
CH O,total !

(0 < C, < 2000) (3.38)
2 G

55508

as calculated directly from literature data (154).
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To obtain a concentration independent K an optimization crite-

G(3)
rion 6, is defined (318):
ion

2

36

8. = I
ion .
1

(3.39)

Ke(3) ™ Kg(3) }

K6(3)
Minimizing Gion gives the best description of the experimental data

with the used model. In Figure 3.3 Gion is given as function of the

hydration of GH for several values of q (see equations 3,8 and 3,10),

ion

Figure 3.3. Optimization of the Tonization constant with respect to
the hydration of GH for different values of q. The dotted
~

lines (-——) represent negative hydration numbers of G .

In Table 3.5. some points of the local minima are given.
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4 her | Pe” Kc(3)"°9 PKe3) | ®ion,min
-0.5 | 22.5 | 21.0 624 12.205 . 1530
-1.0 | 13.9 | 11.9 .605 12.218 L0711
-1.5 9.0 6.5 .594 12.226 .0536
~2,0 6.0 3.0 .588 12,231 .0468
-2.2 5.0 1.8 .586 12,232 .0451
-2.4 4.3 .9 .585 12.233 .0439
-2.6 3.6 .0 .584 12.234 .0430
-2.8 2.9 | -0.8 .584 12.234 L0421
-3.0 2.4 | -1.6 .583 12.234 L0415

Table 3.5, Local minima of Gion as a function of hGH at several va—

lues of q.

It is clear that, judging from Gion,min

scription of the ionization improves, The hydration of G , however,

, with decreasing q the de-
cannot be negative so that the best result is:

q==2,6 (hGH = 3,6 and hG- = 0) (3.40)

Since the optimization is subjected to statistical errors, it is safe

to conclude from these results:

-2.6 < q < -2.0 (3.41)
and by consequence:

3.6_< hGH <6 (3.42)

0 <h=<3 (3.43)

In Figure 3.4 the hydration of GH is given as a function of hG
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-— - Most optimal description

Figure 3.4. Hydration of GH as a function of hG— corresponding with
the optimal description, corresponding with the dotted
(cmmm = == ) line in Figure /3. 3.

In terms of hydration numbers the result is given by:

hGH = 3.6 + .S-hG- 0« hG— < 3 (3.44)

Combination of this relation with the result from the literature for
the hydration of GH at 298 K of about 3.5 (143,144,146,148) gives an

hydration number of G of about zero:

hGH v 3.5

h-n 0
This combination agrees also with the most optimal description of the
experimental data (Figure 3.4). Although this combination of hydra-

tion numbers gives the best description and the value of hGH agrees

with the available literature data, we have to interprete these data
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as the best possible estimates of the hydration within the assump-
tions made.

In Figure 3,5 the calculated pK is given, together with the

G(3)
linear relations of pKG(l) and pKG(2)'

1.3 -
o L oo
i D : . o h PKGO)
1224 °
t
PRg
121
128 1 3
PRg(y) = 12.24 - 0,24.107% ¢,
PKg () = 12.28 - 0.22.107% ¢,
K = 12.23 : 0,02 PK,
nel e ™! 6 (2)
. ; . PG (1)
. 1 1000 1500
CG —_
Pigure 3.5. pK, as a function of the glucose concentrations. The
points belong to pKG(s).
3.5. INFLUENCE OF THE TEMPERATURE ON HYDRATION AND IONIZATION
In section 3.4.3 it was mentioned that hydration is decreasing
with increasing temperature. Shiio (143) described the "adsorption”
of water per hydroxyl group with a Langmuir adsorption equation:
h. /n \
In GH/ GH _ _M_

1 (3.45)

T - hGH/nGH ~ R-T

with Moy = number of hydroxyl groups (for glucose Ny = 5);

constant.

[¢]
[}
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He found for glucose a heat of hydration of =55 kJ mol_l. According
to this model the hydration of glucose cannot exceed the number of
hydroxyl groups. At low temperature however, Harvey et al. (147)
found a hydration number of at least 10. For this reason we recalcu-
lated the experimental data of Shiio with a linear and with a Freund-
lich adsorption mode, The temperature dependence for both models can

be described with:

AH
1n hGH “TT S (3.46)
In Table 3.6 the results are given.
Experimental Calculated data according:
data of
Temperature Shiio Langmuir adsorption | Linear/Freundlich
T hGH,exp hGH Ghyd hGH Ghyd
293 4,2 4,05 1,28 4,12 .40
298 3.5 3.72 3.93 3.60 .80
308 2.8 2,92 1.74 2,79 .02
318 2.2 2,07 3.47 2,19 .01+
10.42 1.23
k3 mo17] - 55 - 20

Table 3.6. Hydration of glucose as a function of the temperature,
with data of Shiio.

In column (3) and (5) the hydration numbers calculated with equation
3.45 and 3.46, respectively, using best estimates for AH and ¢, are
given. Ghyd is defined according:

(hg,

- )2
5, .= S CGHexp/ 500 (3.47)

hGH,exp
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It is clear that the linear/Freundlich adsorption models give a bet-

ter fit for the description of the hydration of glucose. The corres-—
1

ponding heat of "adsorption” is then calculated to be -20 kJ mol
‘When we apply this temperature dependence to our experimental re-

sults, we find hydration numbers as given in Table 3.7.

T 267 K| 278 K | 298 K | 303 K | 313 K | 323 K [ 333K

GH

Table 3.7. Hydration of GH as a function of the temperature.

The low temperature hydration number hGH,267 K is about the same as
found by Harvey et al. (147).

The temperature dependency of the ionization constant is measured
by de Wilt (135):

1

E -16.8 kJ mol (3.48)

ion,G ~
3.6. DISCUSSION

In section 3.4.3 we found that during the ionization of glucose
the hydration disappears. This can be understood from the difference

in conformation between the ionic and the molecular form of glucose,

H
/
H CLWZH
\O 2 o
o) O
H/ \H (o] H/
H
a~glucose ) B-glucose

Figure 3.6. Conformation of a— and B-glucose molecule,
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In the glucose molecule there are little if any intramolecular hy-
drogen bonds (153). In Figure 3.6 the conformation and a- and B-glu-
copyranose, Proton abstraction from the hemiacetal hydroxyl anomeric
group gives a negative charge on the Ol—atom. Delocalization of this
negative charge of oxygen of C,=C¢ by intramolecular H-bonding was
suggested by Rendleman (153). The conformation of glucose can then be

considered as shown in Figure 3.7 for the a-glucose anion,

Figure 3,7. Intramolecular H-bonding in the a—glucose Zon.

All ions shown in Figure 3.7 would exist in equilibrium with each
other, with the Cl-anion predominating. Due to the intramolecular H-
bonding the free rotation of the hydroxyl groups decreases. The hy-
droxyl groups then will be oriented preferently into certain direc-—
tions for optimal H-bonding. This effect contributes to the entropy
decrease of the glucose molecule upon ionization, The difference in
entropy decrease between a- and B-glucose during ionization measured
by Los and Simpson (119), can be ascribed to a difference of the
strength of an axial-equatorial and an equatorial-equatorial hydro-
gen bonding (see Figure 3,8). In an axial-equatorial sequence of OH-

groups, as is present in a-glucose with CIOH/CZOH, the system can

57



easily adapt the geometry for efficient H-bonding. The reverse is

true for an equatorial-equatorial sequence of OH-groups (247),

~H-0

>3
H20

(o}
] TN _
H--" H—— 06
a-glucose ion B-glucose ion
= -1 -1 - -
8S;,, = =110 7 mor™? x a5, =~ 83 J mor 1 x71

Ton

Figure 3.8. Intramolecular H-bonding in the a— and B-glucose Zon.

The hydration of sugars can be considered as an hydration of the
hydroxyl groups (143,146). It takes place by H-bonding between hy-
droxyl groups of a sugar and hydrate water molecules, as-well as hy-
drate water molecules mutually. After ionization of glucose the hy-
droxyl groups are oriented and stabilized by intramolecular H-bonding.
Consequently no glucose hydroxyl groups are then available any more
for bonding towards solvent water molecules,

More detailed research will be necessary to evaluate the propoun-—
ded hydration model,

In conclusion, the final formulae for the ionization constant of
glucose will be represented here as a function of the hydration num-

ber of glucose:

CG"CH30+
KG(3) = p .C, (l_hGH) (3.49)
GH H20,free
! (1+h_.)
K CG CH O,free GH
6(3) 2 - C O (3.50)
KH C.y,°C . m )
20(3) GH ~OH
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(3.51)

(3.52)
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CHAPTER 4

Properties of anion exchangers
used as a catalyst

4.1, INTRODUCTION

Ion exchange resins can be used as a catalyst for almost all reac-
tions, catalyzed by acids or bases, Kunin (171) gives a survey of the
application and the catalytic activity of resins., The alkaline isome-
rization of glucose and lactose can be considered as one of the ap~
plications,

The carrier for the active groups in ion exchange resins is gene-
rally obtained by homogeneous copolymerization of styrene and 1.4~
divinylbenzene, This carrier is homogeneous of structure and is known
as gel-type, When the polymerization has been carried out in the pre-
sence of an inert solvent/non solvent (pertaining to polymer) system,
macroreticular carriers are formed. The macroporosity is determined
by the solvent/nonsolvent ratio. In Figure 4.1 both types of resin,

used in our study, are indicated.

gelphase
with

micropores

maeropores

gel-type
(microreticular-type)

macroreticular-type

Pigure 4.1. Gel- and macroreticular—type of resins.
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The physical properties such as porosity, pore volume, pore radius
and specific surface can be influenced by adding special additives
(172,173,185) during the copolymerization. When the copolymer is
treated with dichloromethyl ether in the presence of a Friedel-Crafts
catalyst (ZnClZ, A1C13, SnC14) and subsequently with a tertiary amine,

a strongly basic type I anion exchanger is obtained (Figure 4.2.).

& O e .

-c-c-c-c-c¢C-

CHy : CH,
CHz-é CH3 CH2—N —<CH3
-c-¢c-Cc-Cc-Cc-¢Cc-¢C- CH CH,CH,OH
) o) 3 2772
oH on ©
carrier . NR4: type I NR ,: type II

4

Figure 4.2. Presentation of strongly basic ion exchanger.

When a methyl group is replaced by an ethanol group, a so called type
II resin is obtained. Weaker anionic resins have tertiary, secundary
or primary amines as active groups.

The quaternary ammonium groups, initially with OH counter ions,
are the active sites for the ionization and subsequent isomerization
of hexoses. For the gel-type resin Amberlite IRA 401 the average

+

+ . —~ . .
NR4 —NR4 distance (dsite) is about 1 nm (181). For macroreticular

resins a;ite within the gel phase is difficult to determine because
the polymer fraction of the particle is dependent of the used method.
For this reason Esite’ as calculated in section 4,3.3, must be consi-
dered as an overall NR, -NR4+ distance within the whole particle.

The physical properties of a catalyst can influence the catalytic
activity and selectivity for a givenvreaction. For the isomerization
of glucose, the fructose formed must be removed from the resin. The
concentration gradient, necessary for diffusion,is a function of phy-
sical properties like porosity, pore volume and particle size. When
due to these physical properties this diffusion is very slow, the

concentration of fructose in the catalyst becomes relatively high.



As we mentioned in section 1,3.2 the rate of alkaline degradation of
fructose is much higher than that for glucose, consequently a low
rate of diffusion will lower the selectivity of the isomerization
under all circumstances. For this reason much attention is paid to
the physical properties in section 4,3, whereas the diffusion of su-
gars in ion exchangers will be discussed in section 4,4,

The adsorption relative to the capacity (degree of coverage) as a
function of the concentration in the solution, of the temperature and

of the type of catalyst, will be discussed extensively in section 4.5,
4.2, CHEMICAL PROPERTIES
4.2,1, ACTIVATION

Commercial available anion exchangers in the Cl -form must be acti-

vated with alkali to bring them in the required hydroxyl form:

R-NR,¥C1™ + NaOH === R-NR

3 *oH™ + Nacl (4.1)

3

The activation procedure comprises the following steps:

- the ion exchanger is brought into a thermostated tubular reactor at
a temperature of about 310 K;

- washed with at least 3 bed volumes of distilled water for at least
2 ks;

— activated with a 25-fold excess (relative to the amount of active
groups in the resin) of I N NaOH solution during about 60 ks;

- and, finally, washed with at least 20 bed volumes of distilled wa-
ter during at least 10 ks,

During the activation the gel-type exchangers will swell about 257 so

that the reactor can be filled for about 707 only. The activated ion

exchanger must be stored under N2 to prevent COz—adsorption from the

air,

During the use of the catalyst, the resin becomes deactivated,
Such a deactivated resin can be reactivated by the same procedure.
When the resin is strongly deactivated, a pretreatment with a solu—
tion of 2 M NaCl and 1 N NaOH can be applied, When the resin is so

strongly contaminated that this pretreatment is not sufficient, a
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pretreatment with hydrochloric acid will give better rgsults. Some
loss of active groups during reactivation with hydrochloric acid can-
not be prevented (171,175), According to Tilsley (182) the macroreti-
cular resins have better regenerative qualities, Christofides and

Smits (183) worked out 4 different regeneration procedures,
4,2,2, CAPACITY DETERMINATION

To measure the amount of active groups (the capacity) of an ion
exchange resin, the ion exchange resin is brought in a measuring ci-
linder with an excess of water and vibrated for 2 ks, During this vi-
bration the particles are compacted. towards their densest packing.
The water above the bed was sucked off before the weight of the wet
compacted resin (ch) as well as the volume (Vwc) was determined.
Because Cl  adsorbs much stronger than OH (171), a 3-fold excess of
KCl is sufficient to drive out practically all the hydroxyl ions from
the exchanger to the solution., With an automatic titration unit*) the
obtained solution outside the resin can be titrated with HCl, In Fi-
gure 4,3 a titration curve of any fresh catalyst is given. The ti-
trated Cl_ at the breakpoint (total capacity Capt)-divided by the
weight of'the wet compacted resin (W_ ) is called the specific capa-
etty (Cap ) in mol kg_l. In Table 4.2, section 4,3.3 the specific
capacity of the used resins are tabulated,

The capacity of dried ion exchangers was also measured by elemen-
tal analysis. The C and H amount could be measured precisefy while
the N-determination is less accurate, Nevertheless, by repeating the
analysis many times, we could establish that in Amberlite IRA 40! enly
50% of the phenyl groups contains quaternary ammonium groups. For
eaqch new batch of activated ion exchanger the specific capacityAmust
be determined because there are fluctuations in the properties of the
commercial resins (S—IOZ). Furthermore it has to be ascertained that
-free, When CO

the ion exchanger is CO adsorbs, we have:

2 2

") The automatic titration unit from Radiometer as we have used con-
sists of glass electrode type GK 2401 B, pH-controller type PHM,
autoburette type ABU 11, titrator type TTT 60 and recorder-type
REA 160 with titrigraph module,
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HC1l —

HC1l —

Figure 4.3. Shape of titration Pigure 4.4. Typical titration cur—
curve of a fresh resin in water., ve of a deactivated resin in a
sugar solution,

+ - L * -
R—NR3 OH + CO2 —R NR3 HCO3 (4.2)

2= 410 (4.2")

3 3 2

an F - + o . o F

R NR3 HCO + NR4 OH == (R NR3 )2CO
and in the titration curve we then can distinguish 3 inflection
points., When the specific capacity is known for a certain batch, the
total capacity Capt can be calculated directly from the weight of the
wet compacted resin:

1

Capt = Cap -ch (4.3)

When a component (i) adsorbs, the coverage (6) is defined as the
ratio of the adsorbed component (Adsi in mol), relative to the total

capacity:

Adsi [ _]]
ei = Capt mol eq (4.4)

e . . . 1
To measure the rest activity of a deactivated resin (Acr in eq eq )
the total solution can be titrated in the reactor after adding a 3-

fold excess of NaCl. Due to the presence of sugars the inflection
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point is at about pH 7,5 instead of 7,0 (Figure 4.4), Experimentally
it is proven that for the specific capacity as well as for the rest

activity determination, a 3-fold excess of NaCl is sufficient,
4.2.3., STABILITY
4.2,3.1. MECHANICAL STABILITY

The mechanical stability of resins is a functien of the porosity,
the percentage of crosslinking, the additives, and, to a minor extent,
other production conditions.

The stability of the ion exchanger increases with an increasing
percentage of crosslinking but the porosity will generally decrease.
In most cases macroreticular resins have a lower mechanical stability
than gel-type resins. A high porosity with a reasonable mechanical
strength is attained by using a high percentage of divinylbenzene,
combined with monomeric modifications as terpinol (171,172,175).

The mechanical stability of gel-type ion exchangers is not diffe-
rent among themselves and is better than of macroreticular resins.
From the macroreticular resins Amberlite IRA 938 has a very poor me-

chanical stability, relative to the others.
4.2,3.,2, CHEMICAL STABILITY

The chemical stability of ion exchangers is dependent on' the type
of resin, the counter ion and the temperature,

Weakly basic ion exchangers are less stable than strongly basic
resins (171), Of the strongly basic resins Eype II (of Figure 4.2) is
less stable than type I (176).

An ion exchanger is much more stable in the chloride form than in
the hydroxyl form (171,175),

At high temperatures the resin will loose activity (177-179). Two
types of degradation reactions can be distinguished (175) for type I
resins:

- the splitting off of trimethylamine from the ion exchanger:

_ _ T —a - - v
R CHZ N(CH3) OH =—R CH2 CHZOH + N(CH (4.4")

3)3
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- the Hofmann degradation reaction:

N(CH3)3+OH_ == CH,OH + R (4.5)

3

In this way the strongly basic function is degenerated to a weak
one, Both types of degradation occur in a ratio of about I:I. In the
case of type II resins elimination of the ethanol group, as acetalde-

hyde, may occur yielding R—CHZ—N(CH3)2.
4,2.4., SUMMARY CHEMICAL PROPERTIES

The chemical properties of ion exchangers, discussed in this sec-—
tion, are important when using these resins as catalysts.

A standardized activation of the ion exchanger is necessary to ob-
tain a reproducable catalytic activity. To measure this activity a
standardized capacity determination is developed, The mechanical as
well as the physical properties are imperative to long time opera-

tions in commercial plants,
4,3, PHYSICAL PROPERTIES
4,3,1. PARTICLE SIZE

In section 4.1 we have seen already that diffusion may influence
the selectivity. For this reason the particle diameter may have an
influence on the selectivity. The particle size distribution was mea-
sured with a microscope. In Figure 4.5 the particle size distribution
of Amberlite IRA 401 in the chloride form is given. The average par—

ticle diameter, defined as

(4.6)

is the most appropriate quantity in theories in relating particle

size with pore diffusion,
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Plgure 4.5. Particle size distribution of IRA 401.

In Table 4.1 the average particle diameters of some resins are pre-
sented. They do not exhibit large deviations. An increase of the
average diameter of 8% (171) occurs during the conversion of the chlo-

ride form to the hydroxyl form.

Resin (OH -form) Eé

mm
Amberlite IRA 401 47
Amberlite IRA 900 .52
Amberlite IRA 904 .50
Amberlite IRA 938 W40

Table 4.1. Particle diameter of several resins,

4. 3.2, POROSITY

With regard to the pore radius, anion exchangers can be divided
into different groups. Oehme and Martinola (174) gave a survey of the
various pore ranges and compared them with filtering materials (Fi-

gure 4.6).
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Figure 4.68. Pore diameter of some materials.
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The porosity is studied with a mercury penetration porosimeter mo-

*)
del 905-1 (180) 7.

The lower limit of this method is about 5 nm, so that it was not

possible to measure the porosity of gel-type resins.

In Figure 4.7 the porosity curve of Amberlite IRA 904, as measured

by Hg-porosimetry, is shown. The line with circles (—0—), deter-

mined from right to left during the measurement, gives us the speci-

fic pore volume related to theory weight, available for mercury pene-

tration. The average pore diameter of IRA 904 is .061 pm, In Figure

4,8 some pictures of this resin are given, made with a scanning elec-—

tron microscope, type Stereoscan MK II.

*)

We gratefully acknowledge the assistance of N. van Westen of the

Delft University of Technology for performing the actual determi-

nations.
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The porosity curve of Amberlite IRA 938 (Figure 4,9) shows at
least 2 types of pores, one with radii about .17 um and another around

8 um,
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Figure 4.9, Porosity of Amberlite IRA 938.

There are very few pores with radii between .17 ym and 3 um, so that
at least two distinguishable kinds of pores must be present, In Fi-
gure 4,10 (a) and 4,10 (b) a picture of a narrow sieve fraction of
IRA 938 is shown. In these pictures we can distinguish 2 types of
particles present in a ratio of about 3:2, one type with large and
one type with small pores, In the particle with large macro pores
sometimes fusion of the sub-particles is noticed (Figure 4.10 (d)).
In the Figures 4.10 (c) to (f) the pores can be studied in more de-
tail, The electron microscope pictures confirm the mercury penetra-—

tion measurement.
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4.3.3., PORE VOLUME

To relate differences in catalytic selectivity to differences in
concentrations in the catalyst pores, the total pore volume and the
adsorption has to be known. The total pore volume was measured at a
temperature of 293 K for several ion exchangers in the hydroxyl form.
As the temperature dependence is very small, it can be considered to
be independent of the temperature between 295 K and 323 K,

The following procedure was applied:

An amount of activated resin with a known ch, and Cap' ig filtered
for one minute on a suction filter, weighed (Wf) and then dried under
vacuum at 400 K until its weight does not change anymore (100 ks):
wpol' We suppose that all the water has been evaporated. The density
of the dry polymer (ppol) is about 1100 kg m_3 and of the water in the
resin (pH O) it is about 1000 kg m_3. For the exchanger in the hydro-
xyl form we can calculate:

- the weight fraction of the polymer, relative to the particle:

19
1
X - _pol 4.7)

~ the volume fraction of the polymer, relative to the particle:

1
" pHZO'xpél
xpol = T 7 (4.8)
ppol'(l_xpol) * pHZO'xpol

- the pore volume, relative to the capacity:

PV = —F+— PO [03 eq'} (4.9)
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- the concentration of active groups relative to the pore volume:

C - L [eq m_3] (4.10)

- the average distance between the active sites:

T, = L .10

d . .. [om] (4.11)
site (1 - x )-6.02 1023
pol

In Table 4.2 column (1)-(7) the most important results for a series

of ion exchange resins are given,

. ' ' " - 3| dpv 3 ' 3

type resin Cap xpo]_ xpo]_ dsi_te PVe=o- 10 ———deG- 10 vtot' 10
3 3 3 3
eq | kg | m_ | g L L m
kg kg m3 eq eq eq
(1) 2) 3) | | (6} (7 (8) 9)
SB-I-G Imac §-5-50| .86 | .40 |.38 1.07 .49 .038 1.5
SB-I-G IRA 401 .83 .38 .36 1.09 .52 .070 1.6
SB-I-G Lew M 504 .93 ].31 .29 1.07 .53 .033 2,2
SB-I-MP Lew MP 500 .78 1 .29 .27 1,13 .65 .078 2.4
SB-I-MP | IRA 900 .76 | .29 |.27 1.15 .66 - 2.4
SB-I-MP IRA 904 b4 | .35 .33 1.36 1.05 J127 1.9
SB-I-MP | IRA 938 .381].19 .18 1.39 1.32 .025 4.3
SB-11-G IRA 410 1,30 | .50 .48 .94 .29 023 1.0
SB-11-G | Imac 5-5-42 | 1,06 | .42 | .40 .99 .38 - 1.4
SB-II-MP| Lew CA 9223 (1,04 .38 .36 .99 .38 177 1.6

Table 4,2, Experimental physical properties of some ton exchangers in
the hydroxyl form. SB = strongly basie, I = type I, II =
type II, G = gel-type, MP = macroreticular.
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The differences among the various types of resins are evident,
Various resins of the same type do not differ strikingly. The sca-
venger IRA 904 and the colloid captor IRA 938, however, have parti-
cular high porosities. From the point of low diffusion resistance
these two exchangers are preferable,

When glucose adsorbs on a resin, this resin is converted from the
hydroxyl form into the glucose form and a change of the pore volume
is expected, With an adsorption experiment (section 4.5) the coverage
of the resin with e,g. glucose relative to the capacity can be mea-
sured (GG). As not all the adsorbed glucose has to be dissociated, GG
can be greater than one., The pore volume of this resin can be deter-

mined in analogy with the procedures for a fresh resin. In Figure

4,11 the final results are given.

t IRA 938
-
. IRA 904
< ///
o
E :
1.0
o
(=]
— .
& Lew MP 500

_______—————-—‘“_—__——__——-_‘__——_———— IRA 401

Lew M 504
5 N Imac $-5-50
__,_______—————"“——_—E;;‘CA 9223
IRA 410

Figure 4,11, Pore volume as a function of the degree of coverage 8.
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All the ion exchange resins swell when glucose adsorbs. The degree
of swelling depends on the physical properties of the polymer skele-—
ton (184). It can be defined by:

_ dpv, |
PV = a—g— 6 + PV9=0 ([6.12)

In Table 4,2, column (7) and (8), the experimental results are tabu-
lated for some resins. More information about the ion exchangers ap-
plied is given in appendix 2,

In column (9) the total specific pore volume relative to the dry
]

weight (Vtot)is given:
t
' I - x
_ ol 3, ~1
Vtot = ———-—?-‘—'x [m kg ] (4.13).
PH, 0" *pol

2

The total pore volume is supposed to be equal to the water content of
the resin.

The high porosity of IRA 904 is not expressed in V;ot because of
its low water content and high polymer fraction relative to IRA 938
(column (4) and (5) of Table 4,2), The pore volume of macroreticular
and type I resins is greater than that of gel and type II ion exchange
resins,

In section 4.3.2 the porosity of the resins IRA 904 and IRA 938 as
measured with a mercury penetration porosimeter is discussed., From
Figure 4.7 and 4.8 the specific pore volume of the macropores
(> 5 nmm) can be read off directly. The difference with the total spe-
cific pore volume is roughly an indication for the amount of micro-
pores (< 5 nm). In Table 4.3 the results are given,

Both resins have about the same fraction of macropores but differ
markedly in the quantity of the micropores. The gel-phase of IRA 938
is much more porous than the gel-phase of IRA 904, which is caused by

a higher degree of crosslinking of IRA 938,
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¥ ¥ 1] t
Vtot VHg Vtot - ng
Resin (all pores) (macropores) (micropores)
m3 kg_1 m3 kg-1 m3 kg-1
IRA 904 1.9 1.3 .6
IRA 938 4,3 1.1 3.2

Table 4.3, Specific pore volumes of IRA 904 and IRA 938,
4.3.4. SUMMARY PHYSICAL PROPERTIES

The physical properties of ion exchangers are required to explain
observed differences in catalytic activity and selectivity.

The particle size as well as the porosity may influence the diffu-
sion of the reaction components inside the resin particle and by that
the selectivity of the reaction., The pore volume, combined with ad-
sorption data, yields the concentrations within the ion exchanger.
This makes it possible to relate catalytic effects directly to condi-
tions inside the catalyst,

For these reasons the measured physical properties will be used in

chapter 5 of this thesis,
4,4, ADSORPTION

Adsorption of sugars on ion exchangers has been studied by a few
authors only (192,193,202,254), Fujji et al., (192,193) measured the
adsorption of sucrose, glucose and fructose on Amberlite IRA 900 and
IRA 401, Their adsorption expefiments with sucrose, carried out with
2 <C < 60 mol m-3, could be described with a Freundlich relation.
SucrOSS? glucose and fructose adsorbed in this order increasingly on
IRA 900, while the adsorption of sucrose on IRA 401 is somewhat less
than on IRA 900. Addition of KC1 decreased the adsorption of sucrose
linearly while the C1~ adsorbed completely on the resin., Besides the

preliminary measurements of London et al., (202) and Turton and Pascu
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(254) only the adsorption of glucose and fructose on a resin in the
aluminate-form has been reported by Shaw and Tsao (78,79) very brief-
ly.

Michaeli and Katchalsky (199) studied the adsorption of Na+ on a

cation resin by measuring the pH in the solution:

+ + + +
H1'.e * Nasol - Hsol * Naie (4.14)

The adsorption of sugars however cannot be measured with such a
gimple method.

For our kinetic study we need the adsorption of the different types
of sugar on various types of ion exchangers as a function of the tem-
perature and the concentration of the outside sugar solution.

The adsorbed sugar (Sie) is partly dissociated. The dissociated
sugar (S;e) is more or less fixed on the active sites which causes a
limited mobility. The mobility of molecular sugar, however, is not

reduced by ionic forces.

4.4,1. ADSORPTION MODELS

In section 4.2,1 the activation of the resin was discussed. This
operation can be considered as the exchange of the strongly adsorbing

Cl™ with the more weakly adsorbing OH (204):

OHsol + Clie_—OHie + C1sol (4.15)

Sugar anions adsorb roughly about equally strong as OH ,

Keg

[Re— -
Ssol * OHie -~ Sie * 0Hsol (4.16)
with
Cnyy™ =C_ - - C - (4.16")
OH o OH, ,t=0 ~ "G,
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As the hydration of the different ions is supposed to be only a func—
tion of the temperature, no solvation water has to be taken into ac-

count to define the exchange equilibrium constant:

y - (.~ y - «C -
KE - ‘Sie Sie OHsol OHsol
S y - oC -
Ssol Ssol ie ie

(4.17)

In the solution outside the resin the total ionic concentration is
very low (pH ~ 7). According to the Debye-Huckel expression (relation

3.27), combined with a molality-molarity conversion, we can conclude:

Yg~ “ Yoo 1.00 (4.18)

Ingide the ion exchanger the total ionic concentration for gel-type
resins is about 4000 mol m-3, and is about equal to the concentration
of the active groups. The ionic strength I (relation 3.26) is strong-
ly dependent on the coverage. For glucose e.g. I increases from 4.0

to 7.5 mol kg_l when SG (=>9G + SG-) increases from 0 to 2, With re-

H
lation 3,27 these values give the activity coefficients at 298 K as

shown in Table 4.4,

Yoo Yo, Yoo e/y OH.
le le 1 1e

SG =0; IV 4,0 .69 .36 1.9
SG =2; I~ 7.5 .68 .32 2.1
average .68 .34 2.0

Table 4.4. Caleculated activity coefficients in a gel-type anion ex—

changer according to equation 3,27.
The ratio Yoo - wvaries hardly with the concentration so that the

average of 2%8 is dSed for all concentrations. Due to lack of further

data we also assume that for all concentrations may be written:
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—sol . 5.0 (4.19)
Y6~ “You
sol 1e
So that
CG;e COH;ol
0.5 K.E = - . r — (4.20)
) ¢ S Con
sol le

The ionization in the solution as well as in the resin can be de-

scribed with equation 3,50:

L (i) (1)
K C.— <C C - «C_
6(3) Gsol H20501 =. Gie HZOie
ST ¢ C_- Cori Com (4.2
KH20(3) GH OH GH. OH.

sol sol ie le

When equation 4,21 is substituted in equation 4,20 we find:

' (1+hGH)
CGHie CH20501
0.5 Ky = . . c' . (4.22)
GHsol H201e
' ()+hGH)
03 ¥Xe'®a 03y  ,  Swo *Cq?
2 _ _  27sol ie (4.23)
R =K =% Tom .
G(3) GH OH.
sol ie

As the ion exchange particles have no net overall charge, the electro-

neutrality equation inside the exchanger must be obeyed:

Cug,* * Cu ot = Conr * G (4.24)
4 37ie ie ie
with CH ot << CNR + (4.25)
37ie 4
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The coverage for component i is defined as:

Substituting (4.26) in (4,23) gives us for sugar S:

(1+hgy )

Some other adsorption models are:

Linear adsorption, with:

KLis =

C
Ssol

1

. eS_

Langmuir adsorption (186), with:

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)
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The Sips model is the most universal., The other models are just spe-
cial cases of the Sips model.

In section 4,4.3 these models will be discussed in more detail to
" describe the experimental data of the adsorption of sugars on ion

exchangers,
4.4.2. EXPERIMENTAL

The adsorption experiments were carried out under N, in a thermo-

2
stated stirred reactor of 200 cm3. A sugar solution is brought into
the reactor and recirculated via the measuring and reference cell of
a thermostated refraction meter (Waters, R4)., When the system is
stable, the reference cell is shortcircuited and an amount of ion ex-—
changer is added. Adsorption causes a decrease of the concentration
of the solution., The solution is titrated with a more concentrated
sugar solution to maintain the oéiginél concentration, In Figure 4,12

a block diagram is given.

9 Ij L] = recorder
T = refraction meter
2 = measuring cel
£ i = reference cel
H LS

= peristaltic pump
reactor

= small filter

= magnetic stirrer

= titer with higher cone,

QW D N M o W Nk
1]

= titer with lower conc.

\E”D' -

Figure 4.12. Block diagram for adsorptibn experiments,

To prevent chemical reactions, the experiment starts at 273 K,
When adsorption equilibrium is reached, the temperature is raised
with increments of 5 K. At these higher temperatures sugar desorbs
from the resin, The solution must then be titrated with a more dilu-

ted solution.
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A series of adsorption experiments have been carried out covering
a concentration range from 0.2 to 2000 mol m-3, temperatures between
273 and 313 K and the sugars glucose, fructose, mannose, lactose and
lactulose, The exchangers IRA 401, IRA 900, IRA 904, IRA 938 and

Lewatit M 504 have been studied in this way.
4.4.3. RESULTS AND DISCUSSION

The degree of coverage of a sugar (6 can be calculated from the

s)
adsorption experiments, and from that the pore volume and CNR +
(equation 4.9 and 4,10), The total sugar concentration inside the

resin is:

S, SH, s7 = (% * 07) Cyp * = 8 COyp * (4.32)
1e le le 4 4

In chapter 3 the ionization of glucose has been discussed., To cal-
culate the ionization for other sugars in the ion exchanger, the fol-
lowing assumptions are made:

— for the hydration phenomenon:

Bran = Puan = 2 Pen

- The ionization constants of the other sugars are estimated from 1li-
terature data (Table 3.1). The activation energies of KG and KF’
measured by de Wilt (135), are used to estimate the influence of

the temperature on the ionizationm:

1

pKG,298 = 12,23 with Eion,G = =17 kJ mol
. _ -1

pKF,298 = 11.96 with Eion,F = =22 kJ mol
o . _ -1

pKM,298 = 11,97 with Eion,M = -20 kJ mol
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1

= 12, ith E. = =17 kJ mol
pKLa,298 12.36 with jon,La 7 mo

1

pKLu,298 = 12,09 with E, -22 kJ mol

ion,Lu

As the resin particles are electrically neutral, the electro-neutra-

lity equation holds:

CNR + 4+ CH ot = Cgm * C - (4.33)

with

C.— =¢C -C and C. 4+ << C._ + (4.34)

It is now possible to calculate [ C.— and C , and from

SH, * 7S, H.0.
3 (=1 - 0g7).

. . i 271e
these values with equation 4.31 8 €o.- 48d o -
The actual evaluation of the adsorption data requires several numeri-

SH* 'S OH
cal iteration operations.

In the following sections the influence of the concentration, the
temperature, the type of resin, and the type of sugar will be dis-

cussed.

4.4,3.1. INFLUENCE OF THE CONCENTRATION ON THE ADSORPTION

In Figure 4.12 the calculated SG, SG—, eGH and eOH_ for the ad-
sorption of glucose on IRA 401 at 278 + 5 K is given. A concentration
axis is added in this figure based on a pore volume of .59 10"3 m3

eq_l. To obtain a high accuracy, 56 experiments have been carried out
for this condition,

In this figure we see that the adsorption 1is increasing with the
outer concentration, When the ionic and molecular adsorption are con-
sidered separately, two regions can be distinguished:
region 1: 0 < CG < 150 mol m_3: GG— v OG < ,85; eGH << SG—

Here, 2?%ost all the adsorbed glucose is dissociated and
the molecular glucose in the exchanger can thus be neglec-

ted.
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Figure 4.13. Adsorption of glucose on IRA 401 at 278 K.

o v 1405 8oy v 8, - 1.0,

- is constant and thus independent of the

region 2: CG > 450 mol m-3; 9
Thgoéoverage GG

glucose concentration in the bulk,
When the adsorption is ?onsidered as a simple exchange of ions, it

has to be described with KES (relation 4.27),
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1
In Figure 4.14 KES is given as a function of the bulk glucose con-

centration C .
G
sol

Catalyst : IRA 401

'

1 Sugar : Glucose ! l
1
1
)

.3 .
Temperature : 278 K KAG

e N

)
1
2 ;
!
1
t

:
]
;

Figure 4.14. Ky and KE;G as a functiOﬁ of Cpw
‘ sol

It is clear that it is not possible to describe the adsorption over

a wide range with a simple exchange coefficient Kés.

Although the Langmuir adsorption model is mentioned in literature
to describe adsorption on resins (187,188.79), for the adsorption of
glucose the model is not valid (broken line in Figure 4,14), In sec—
tion 4.1 and Table 4.2 we saw that the average NR4+—NR4+ distance is
about | nm. When a glucose ion (molecular diameter about .8 nm) ad-
sorbs on a NR4+-site, it might hamper adsorption of G on neighbour-
ing sites,

Fujji et al, (192,193) described the adsorption of sugars with a
Freundlich relation. In Figure 4,15 the degree of coverage 6 and the
concentration in the solution are both plotted on a logarithmic sca-
le, with the purpose to find a straight line in this figure. It shows
that the linear relation, following from the Freundlich isotherm as
found by Fujji, is not present; it can only be obtained for a narrow
concentration range.

For the total range of concentrations the relation of Sips gives

superior results. This isotherm (equation 4.31) can be rewritten as:

= a log Cq + log KSiS (4.35)

0
I-9 sol

log
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Figure 4.15. Adsorption of glu— Figure 4,16, Adsorption of glu-—
cose on IRA 401 at 278 K aecording cose on IRA 401 at 278 K according
to the relation of Freundlich. to the relation of Sips,

and this relation gives a straight line when ecj/(l - GG—) and CG
are both plotted logarithmically (Figure 4,16), In region 1 as sol

well as in region 2 the adsorption can be described with the Sips
isotherm, The linear relation in region 2 is only of academic inte-
rest, as the coverage is about 1.0, From Figure 4,16 we read:
KSiS,298 = ,144 and a = .67, The value (1 - o) is a measure of the
interference of adsorbed sugar anion with neighbouring sites.

The same type of relation is found for 5 types of sugars and 5

types of ign exchangers investigated.
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For the isomerization not only the coverage of the resin but also
]
the relative water concentration C and the residual C. .- are
HZO,free OH
of importance., In Figure 4.17 the external as well as the internal
water concentration is given as a function of the external glucose

concentration (relation 3.34).

_.
5
|
|
|
|
|
|
|
|
3

C
Hzole

CHZO, free

Catalyst . IRA 401
851 sugar : Glucose
Temperature : 278 K

Catalyst : IRA 401
131 Sugar : Glucose
Temperature : 278 K

1 1 10 100 1000 R 1 ] 100 1000
— : c — :
Ccsol Gsol
- ! - -de * .
Figure 4.17. CH 0, free inst Figure 4.18. pH as a function of
and outside the“resin. CG .
gol

The lower water concentration inside the resin shows the sugar con-
centrating effect of the resins,

In Figure 4,18 the pH in the ion exchanger, as calculated from the
different relations, is given as a function of the external sugar
concentration, At high concentrations this internal pH decreases

strongly. In chapter 5 we will return to this.
4.4.3.2. INFLUENCE OF THE TEMPERATURE OF THE ADSORPTION

The adsorption experiments have been carried out at temperatures
from 273 K till 313 K with intervals of 5 K. As the temperature in-

fluence is relatively small, the experiments are lumped into 3 groups:

T, =278+ 5K
T, =293+ 5K
T3=30815K
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B 1 10 100 1000 R 1 10 100 1000

Pigure 4.,19. Adsorption of glucose. Figure 4.20. Adsorption of fruc—

tose.

In the Figures 4.19-4,22 the degree of coverage is given for res-—
pectively glucose, fructose, mannose and the disaccharides lactose
and lactulose, Each figure shows the adsorption on the resins IRA
938, IRA 401 and IRA 904 at the temperatures T, T2 and T3.

Sis and the exponent o in

the Sips relation can be calculated as shown for glucose on IRA 401

From these data the adsorption constant K

at 278 K in the previous section,
According to Sips (195) the average heat of adsorption can be cal-

culated with:

In K _géi-i‘i_ 1 (4,36)
M Bgis = R 4n 2 .

The final results are given in Table 4.5,
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Figure 4.21. Adsorption of mannose. Figure 4.22. Adsorption of lac-
toge and lactulose.
Xsis Qads o _
resin sugar J o
278 K| 293 K| 308 K | mol 278 K _293 K [ 308 K
glucose 122 .098 .080 14,7 .67 .64 .62 .64
IRA 401| fructose| .223 175 . 156 15.7 $52 .53 W53 .53
mannose .165 122 .094 19.5 .70 .68 .63 .67
glucose | .043 | .039 | ,037 | 6.0| .57 | .56 | .54 | .56
fructose | ,047 .043 .039 6.2 .66 .65 64 .65
IRA 904
mannose ,048 ,044 042 5.1 .62 .61 59 .61
La, Lu .034 .031 .029 6.4 .52 .53 .53 .53

Table 4.5. Adsorption constants according to the relation of Sips.
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The exponent o tends to decrease slightly with increasing tempera-
ture, This means that the influence of an adsorbed sugar anion on
surrounding sites increases with temperature, as would be expected,

- The marked higher degree of adsorption for fructose as compared to
the other sugars on IRA 401, is reflected in an higher degree of in-
terference as follows from the lower a. No relation between the a of
different sugars nor between the different exchangers can be dis-—
tinguished. In Table 4,5 and Figure 4,23 the differences in KSiS
(and aéds) are shown.

_ F
/!/M IRA 401

IRA 904

\\g

10 3 [x“l] —

Figure 4,23, Temperature dependence of KSiS‘
4.4.3.3. INFLUENCE OF THE TYPE OF SUGAR AND RESIN ON THE ADSORPTION

Table 4,5 and Figure 4,23 show that on IRA 401 mannose adsorbs
weaker than fructose, while on IRA 904 almost no difference is mea-
sured. Besides the heat of adsorption of mannose for IRA 401 is grea-
ter than that of glucose and fructose, while for IRA 904 it is smal-
ler. We cannot exclude that the different behaviour of mannose rela-
tive to the other sugars is a consequence of impurities present

(Fluka nr. '63580),
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For both ion exchangers fructose anion adsorbs stronger than glu-
cose anion, This is confirmed by a competition adsorption experiment
in which ion exchanger is added to a solution containing equal quan-
tities of glucose and fructose, After adsorption less fructose than
glucose was found in the solution while in the exchanger there was
more fructose than glucose.

Between the disaccharides lactose and lactulose no significant
difference was found, but, as expected, the bigger disaccharides ad-
sorb not as good as the monosaccharides, The adsorption decreases
with increasing diameter of the adsorbing molecule, relative to the
porosity of the gel-phase of the resin,

The total adsorption of sugars on the macroreticular resin IRA 904
is lower than on the gel-type resin IRA 401, while IRA 938 has only
a higher molecular adsorption (see Figures 4,19-4.23). These diffe-
rences can be ascribed to differences of the porosity of the gel-
phase of the macroreticular resins. In section 4,3.3 we concluded al-
ready that the gel-phase of IRA 904 is less porous than in IRA 938.

A decreasing porosity relative to the diameter of the adéorbing mole-
cule, decreases the adsorption too. This is in agreement with Svetlow
and Demenkova (200) who found a decrease of the adsorption with de-
creasing porosity of gel-type resins and Martinola and Siegers (201)
who stated that the adsorption in the gel-phase of macroreticular re-
sins is relatively low. The adsorption behaviour of IRA 938 gives the
impression that the gelphase of IRA 938 is the same as the gel-phase
of IRA 401. The higher molecular adsorption is apparently realized in
the macropores.

The heat of adsorption on IRA 401 is significantly higher than on
IRA 904. One would conclude that not only more but also strbnger ad-
sorption bonds are formed on IRA 401,

Also the adsorption on the gel-type resin Lewatit M 504 and the
macroreticular resin IRA 900 was studied and appeared to be the same
as for IRA 401. As the physical properties correspond with those of
IRA 401 (Table 4,2) we may expect that the other type I resins, which
have all comparable properties, will also show similar characteris-—
tics as IRA 401,
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4,4,4, SUMMARY ADSORPTION

In this section the ionic as well as the adsorption of sugars in
ion exchangers is studied.

The ionic adsorption can be described carefully with the relation
of Sips for a coverage 0 < GS- < 0,85, This coverage will be used to

. -1 . . .
calculate rate constants k__ in s from kinetic experiments,

IJ
The total adsorption is important to calculate the internal con-
centrations, Comparing of the rate constants with the intermal con-

centrations makes it possible to relate catalytic effects,
4.5, DIFFUSION

Diffusion can play an important role in the kinetics of the iso-
merization reaction., As the activation energy for diffusion is lower
than for isomerization, the influence of diffusion will be greater at
a higher temperature.

The isomerization of glucose within the gel-type resin Amberlite
IRA 401 gives at temperatures higher than 323 K reaction rate con-
stants deviating from the Arrhenius straight line obtained for tem—
peratures below 323 K (chapter 5). The lower overall activation ener—
gy indicates a diffusion limitation, Bulk diffusion is negligible,
which has been verified with 2 experiments with stirring rates of 3
and 10 r.p.s. respectively gave the same rate of reaction.

In the literature two different models for the diffusion in resins
have been distinguished.
~ Boyd et al., (205) and Reichenberg (206) suppose that the undisso-

ciated molecule diffuses into and through the ion exchanger until
an active site has been reached and adsorption takes place. For a
sugar:

SHsol f— SHie (4.36")

" e p p Fam
Sl-lie + R NR3 OH ==— Rk NR3 S + H?.Oie (4.37)

The counterions are considered to be more or less static and bound

on the active sites. No interaction of the diffusive particles with
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the exchanger material is supposed and no backflow of expelled water
is taken into account, A method is given to calculate mGH,ie from
diffusion experiments,

- Helfferich and Plesset (209-211), Marinsky (212) and Turner et al,
(213) consider the distribution of the counter ions to be dynamic.
These ions are mobile and can be interchanged by another counter
ion, When molecular sugar adsorbs, ionization takes place immediate-
ly at the surface of the particle and the dissociated Zon ?iffuses
into the inside of the particle, To maintain electro—neutrglity,
OH;e is transported in the opposite direction with the sam; flux,
The diffusion of S]._e is directly related to the diffusion of OHie'
Helfferich gives a method to calculate from experimental results
ms— when B .- 1is known,

. OH.
Both fiodels arel%ough approximations.

4.5.1. LITERATURE SURVEY

In section 4.4 it was mentioned that the glucose anion concentra-
tions inside the ion exchangers are relatively high, Gladden and Dale
(208) found that at high concentration the diffusion coefficient de-
creases, while its activation energy increases, In Table 4.6 some of

his data are given,

Cq [mol n 3] 0 580 | 1170 | 2620 | 4330

1. 10° [w2 s7'] | .675 | .580 | .486 | .302 | .133
-1

Bppe I mot™'] [ 1726 | - - | 24,7 | 32.7

Table 4,6, Concentration dependency of the rate and the activation

energy of diffuston of glucose in solutionm.

These data will be applied for developing an overall equation for
diffusion (section 4.5.3). For that purpose we converted these data

to the following expressions.

-5.7 x
298 _ 298 G
DG = DG=0 e (4.38)
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with

298 _ 9 2 -l

mG=O = ,675.10" m s

Egiee = Baiee,geo () * 64 %p) (4.39)

with

- -1
Ediff,G=O = I'7.6 kJ mol

.C
X, = 5O :HZ? ° e ' (4.40)
P - (Mg MHZO) G

In section 4,5,3 some diffusion coefficients of glucose are calcu-
lated from experimental results according to the description of Boyd.

ms- according to Helfferich could not be calculated because EOH_
ie ie
was unknown,

In the literature 4 types of relations for the diffusion coeffi-
cient in an ion exchanger can be found, Of these the relations of
Zimmerman (214) and of Katoaka et al. (215) will not be discussed be-
cause they have little practical value.

Mackie and Meares (216) give for the diffusion coefficient in the

resing

" 2
I - x ol
D, = D {—h =t (4.41)
ie 1 +x
pol
11 ‘
with xpol is the polymeric fraction, as discussed in section 4,3.3,

Table 4.2. In their model an ion exchanger is considered to be a con-
centrated polyelectrolyte solution.

Yasuda et al. (217) have developed the relation;
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i = ms'e pol (4.42)

with Yag = constant of Yasuda.

The constant of Yasuda depends on the type of material, diffusing in-
to the exchanger., This derivation is based on Cohen's free volume
theory (221,222) and Doolittle (219,220) has shown that for a compa-
rable constant (for viscosity) a relation exists that, translated in-

to terms of Yasuda's constant, reads:

E..
Yag = Yag_o + g—i— (4.43)
diff,5=0

On the basis of Doolittle's study it can further be assumed that Yas
is independent of the type of exchanger and the temperature, Fernan-

dex-Prini and Philipp (218) extended the model of Yasuda:

i = Q-ms-e pol (4.44)

where Q is a correction factor for electrostatic interaction of ions
with the ion exchanger.

We have been unable to find literature data for the diffusion of
sugars in basic ion exchange resins. Lagos and Kitchener (223) mea-
sured DG and Wong et al. (224) measured DF in acidic cation resin,

The model®of Yasuda gave the best descriptioﬁeof their experimental

data with
YaG=0 = YaF=0 = 1,0 (at low CS. ) (4.45)
ie
Qv 1.0 (electrostatic interaction is negligible) C(4,46)
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For the diffusion of glucose or fructose in anion exchangers the
constant of Yasuda mus* have the same value because it is independent
of the resin. The influence of the electrostatic interaction (Q) how-
ever is not known in the anion exchangers,

We will return to the literature data when the experimental results

will be discussed (section 4.5,3).
4.5.2. EFXPERIMENTAL

The diffusion experiments have been carried out under N2 in a
thermostated (298 K) stirred reactor of 200 cm3. A glucose solution
(100 cm3, 1 M) is pumped through the measuring and the reference cell
of a thermostated refraction meter (Waters, R4), When the baseline is
stable, the reference cell is short-circuited and about | meq of fil-
tered exchanger in the hydroxyl form is brought into the reactor,
Diffusion of glucose into the exchanger causes a decrease of the con~
centration in the solution, which results in a change of the refrac-

tion index., In Figure 2.24 a 5Slock diagram is given.

1 = recorder
E’ l:’ 2 = refraction meter
T T 3 = measure cel
4 = reference cel
2 2 § o referance o
3 rn ) 0 = pem.stf(lttc pump
t 1 t 6 = reactor
W,
N |_g‘ aste 7 = small filter
2 ' 8 = magnetic stirrer
1
ully
=
Juste before Jjust after
adding the resin . adding the resin

Figure 4.24. Block diagram for diffusion experiments.
With the aid of a calibration curve for the refractive index, the

change of the glucose concentration is measured with the time, yield-

ing the rate of glucose adsorptionm,
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4.5.3. RESULTS AND DISCUSSION

From the concentration decrease in the solution the degree of co-
verage of the exchanger (et) can be calculated.

The diffusion coefficient in the exchanger DG. can then be calcu-
lated according to the method of Boyd et al. (20%3 and Reichenberg
(206):

For eG,t/eG,t+m < ,85:

2 2
a4 d moe8 /e Ted {e
D =P lop o Gtl G, \v/;_ Gyt/ Gyt
3

ie 4’ dt 3
(4.47)
For ec’t/ec't*w > .85:
d 2 d TT2
IDG- = —B-—z | - 1n r (1 - eG,t/eG,t-’m) (4.48)
ie 4" dt

with eG ¢ = coverage of the resin with glucose at a time t;

b twe — COVerage of the resin with glucose at equilibrium;

dp = particle diameter, being a function of the coverage

(see section 4.3.2 and 4.3.3).

Due to the rather low reproducibility the experiments have been
carried out in 4-fold (IRA 401) and in 3-fold (IRA 938). From the de-
gree of coverage of the exchanger and its pore volume the internal
concentrations during the experiment can be calculated. The diffusion
coefficients calculated from the experimental data are plottéd as a
function of the internal concentration in Figure 4,25 (gel-type resin
IRA 401 ) and 4.26 (macroreticular-type IRA 938). Here these data are
compared with the diffusion coefficients in pure solutions calculated
according to Gladden and Dole (equation 4,38) and in resins according

to Yasuda et al. (equation 4,.42) and Mackie and Meares (equation
4.41),
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Gsol,Gladden et al.
.8 4
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Irn A
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\ Gio ,Yasuda et al.
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b
[
0

Pigure 4.25. Diffusion coeffictent of glucose in IRA 401 (EG

function of the internal concentration (CG

) as a

The different types of points correspond wi%n different

experiments.

- In spite of the spread in our experimental data it is plausible that

also the diffusion of sugars in different types on anion exchangers

can be approximated with the diffusion coefficient, based on the re-

lation of Yasuda:

-YaG po&

D298 - m298. 1 - x ol

G. c ‘¢ P

ie
with
. -5.7 x

298 _ 298 G.
DG = DG=O e le

(4.49)

(4.50)
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IRA 938
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5 l T~ ~~
B .2
e~ ~
\
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n T T Lo
0 1 3 '32 3
CGie.lp [mol m ] —

Figure 4.26. Diffusion coefficient of glucose itn IRA 938 (D ) as a

function of the intermal concentration (CG ). 8

1e
298 =9 2 -]
DG=O = ,675-10 m s | (4.51)
Eiife,ie ‘
Yag = Ya,_, - E——&—_'_—- (4.52)
diff,G=0
Yag_, = 1.0 (4.53)
Baife,ie ~ Faife,g=0 (I * 6.4 %5 ) ' (4.54)

le

Substituting 4,50-4.54 in 4.49 gives:

X
- l5.7 X, * (1 + 6.4 x, )-——~29%-—I (4.55)
9 ie 1

0298 o 675.107% pol

G,
ie
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4.5.4, SUMMARY DIFFUSION

In this section the diffusion of glucose in anion exchangers is
described at a temperature of 298 K. A model based on the relation of
Yasuda, is developed. '

The application of the model can be enlarged by substituting the

temperature dependency of diffusion:

-Ya,_,*E .. 1 1 X
$=0 "diff,S5=0 _ pol
('2—9§ T> 5.7 xs'e + <l + 6.4 XSle>-——'—n-—-

R 1 I - x
e pol

e (4.56)

This relation is valid for all types of sugars and resins as a func-

tion of the temperature (T) and the internal concentration (x., ).
; 298 dE ie
s=0 "¢ ®4iff,s=0"
The resin characteristics are represented in the polymeric fraction
"
xpol g=0 = 1.0.
In the next chapters the effect of diffusion on the kinetics of

The influence of the type of suégf is expressed in B
. For hexoses the best value of Ya

isomerization reactions will be discussed.
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CHAPTER 5

Kinetics of glucose and lactose
isomerization with ion exchangers

5.1. INTRODUCTION

In this chapter the kinetics of the heterogeneous alkaline isome-
rization will be discussed in relation to the homogeneous reactions,
A literature survey of the homogeneous and heterogeneous isomeriza-
tion is given first,

The kinetics of the homogeneous isomerization and degradation re-
actions, have been studied by MacLaurin and Green (225). Isbell et
al. (108,226) and de Wit (165) measured the relative enolization ra-
tes of the various hexoses., We will return to their results in sec~
tion 5,5. Other important papers are those published by Bamford et
al, (227-229), Garrett and Young (230), Kooyman et al. (231), de Wit
et al, (83) and others (232-245),

Since the report of Montgomery and Hudson in 1930 (258), several
studies are published about the homogeneous isomerization of lactose
(101,259-264) and other oligosaccharides (265-268),

The possibility to use anion exchangers as a catalyst for the glu-
cose isomerization to yield fructose and mannose was first mentioned
by Rebenfeld and Pascu (82). The isomerization is reported to be
catalyzed by strongly basic (61,81,101,193,254-256 and 270-280) and
by weakly basic resins (28],282), Katz et al. (278,279) developed a
complete production unit using a macroreticular anion exchanger as a
catalyst,

In a recent article Demainéy and Baron (283) described the isome-
rization of lactose to lactulose over an anion exchanger quantitati-
vely.

A kinetic study of the heterogeneous isomerization was not pu-
blished until the article of Rendleman and Hodge (8!) at the end of
1979. His reaction conditions differed widely from ours and gave no

information for industrial applicationms.
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Besides the isomerization products, also degradation products are
formed. Samuelson and Stolpe (284) and de Wilt and Kuster (285) stu-
died the homogeneous oxidative degradation of glucose, They found
formic, glycolic, acetic, glyceric, erithronic and arabinonic acids
as degradation products. De Wit (100,165,286) and other investigators
(99,287-303) studied homogeneous degradation of monosaccharides under
Nz—atmosphere. The most recent articles suppose a degradation via the
1,2-enolate ion, Besides fructose and mannose Koizumi et al, (293)
found small amountg of arabinose, ribose and ribulese upon isomeriza-
tion of glucose.

For the isomerization of glucose with an ion exchanger lactic acid
and glycolic acid are formed (192,193,270)., According to Hulme (305)
for the glucose isomerization no lactic acid was found when the resin
was in the carbonate form. This effect is roughly confirmed by our
own results (see section 5.5,3 and 5.6.1).

The alkaline degradation of oligosaccharides has been described
by several investigators (263,265,309-313). Lowendahl and Samuelson
(313) observed for the degradation of cellobiose with NaHCO3 instead
of NaOH, a change in the product distribution of the sugar acids.

A kinetic model for the isomerization of carbohydrates will be
discussed in section 5.2, and the experiments are described in sec-
tion 5.3, In section 5.4 the processing of the experimental data and
in section 5.5 and 5.6 the final results of the glucose and lactose

isomerization are described.
5.2. KINETIC MODEL

Already in 1895 Lobry de Bruin and Alberda van Ekenstein (55) sug-
gested that the conversion of glucose to fructose proceeds via an
intermediate enolate. Recent work of Isbell et al. (226), Sallam (244)
and de Wit et al, (83) confirmed the enolate ion hypothesis, Also the
formation of degradation sugars and sugar acids proceeds via the eno-
late ion as well (294,314),

For the heterogeneous isomerization the same enolate ion mechanism
is supposed for the reaction inside the ion exchanger. With the data
of chapter 4 the total sugar concentration inside the resin.is calcu-

lated. From the total capacity and the ionization degree (chapter 3)
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the internal concentrations of GH, G and OH can be found. This makes
it possible to describe the heterogeneous isomerization as a pseudo
homogeneous reaction inside the pores of the catalyst. On the analogy
of the homogeneous reaction (231), the isomerization is supposed to

be first order in G .

The formed degradation producte (De;e) can be divided into rever-
sibly adsorbing sugars (Dze) and irreversibly adsorbing sugar aeids
(E;e). To simplify the scheme the formation to the degradation sugars
(D) is supposed to be irreversible and the consecutive reaction to
degradation acids is neglected. As also mannose enters the reaction

network, the latter can be presented by Figure 5.1.

Figure 5.1. Overall (=) and enolate (z==) model of the interconver-
sion of glucose (G ), fructose (F ), mannose (M ) and the
degradation products (D~ and E ) inside an ion exchanger

resin.

The solid lines represent the overall model and the broken lines the

enolate model.
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In section 5.2.1 the differential equations are derived for the
concentration of the components in a batch reactor. Section 5.2,2
deals with the transformation of the reaction rate constants from one

model to another,

5.2.1. OVERALL MODEL

From the adsorption and the pore volume relations (chapter 4), the
internal concentration at the initial state of the experiment can be
calculated directly from the experimental data, if we assume that the
different species inside the resin are distributed homogeneously over
the pore volume available., However, only the concentrations in the
outer solution can be measured. For this reason the intermal concen-
trations have to be expressed as a function of the concentrations in

the solution. For glucose the differential equation is:

d -
Tt | Vsol (CGH * G )+vpore (CGH. * S )"
sol sol ie ie
kFG.vpore'CFT * kMG'vpore'CMT -z kGJ'vpore.CGT : .0
ie ie ie
with vsol = volume of the solution outside the resinj;
\' = total pore volume of the resin;
pore
Lkes = ke * *om * Kop * Kee G.2)
J =G, F, M, D, E
Substituting relation 4.24, 4.25 and 4.26 in 4.29 gives the general
equation:
57 = Kas Cou; "Cs .3
ie ie sol

We may simplify because:

Co~ << Coy (pHsol N 7) (5.4)
sol sol

CGH. << CGT (for GG- £ .95) (5.5)
ie ie
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Substituting equation 5,3, 5.4 and 5.5 in 5.1 gives:

d
T~ < ¢ ®ar CouT *Cr . " R Fam'ConT Cu .
sol ie sol ie sol
) d
L kerKag'ConT *Cc .~ Kag't Tt Con e )
ie sol ie sol
(Ysol/vpore * KAG.COH;é> (5.6)

The differential equations for the fructose and mannose concentrations

are similar:

d
T T (kGF Kac'Con; "% . " R Ram Con m |
sol ie sol ie

sol
I *C - K N C..— «C
kFJ AF’ OH F AF dt TOH, F
sol ie sol
(Vsol/vpore * KAF.COH-. ) (5.7
ie
-d— «C + k. eK. eC__— «C -
dt M’ AF OH F GM "AG TOH, G
sol ie sol
d
E Yoy ®am ConT "Cu Kam * 3¢ Conl "Cn )
ie sol ie sol
<vsol/vpore + KAM-COHEe> (5.8)

For the degradation products and for the free active sites <0H;e), we

derive simply:

a ’
T = (kGD'KAG'COH"‘CG * kepKar*Con T *Cp
sol sol ie sol

.
ko “Far Con O~ ¥ap * Tt Con; *Cp >
ie “sol ie “sol

(vsol/vpore + KAD-COH;e) (5.9)
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d
Tt Ce] = VeMee¥ac'Con; Cc . * Ve %ee'*arCon; Cr  *
ie ie sol le sol
Vi e R ConT “On - (5.10)
ie sol
with v, = number of molecules sugar acids, formed from one molecule

S
of the sugar S.

Because of electro-neutrality relation in the resin we obtain:

d _ d _ . _ d .4
3t Con; T 17a€ %7~ Com; (KAG &l TRt 7t
ie le ie sol sol
d d
Y ol "R N o) )]//(' * el *
sol sol sol
Kyp'Cp  * G  + K eCp ) (5.11)
sol sol sol

The differential equations 5,6-5.11 with the appropriate initial
conditions describe the concentration changes during a batch experi-

ment,
5.2.2. ENOLATE MODEL

From Figure 5.1 we see that the overall model requires 12 reaction
constants and the enolate model 8 constants, To simplify the relation

between both models, the degradation products are taken together,

k =k +k (5.12)

In Figure 5.2 the simplified scheme for the isomerization is given.

The enolate concentration is described by:

4 Ik -C. -.Tk

It CEno1” = 1F K170 5% ko€

Enol- (5. ]3)

with I = G, F, M; I # J.
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Figure 5.2. Kinetic model of the interconversion of glucose, fructose

and mannose, together with the degradation products De.

As the ahsolute value of CEnol ig very small, the conversion to the

enolate ion is assumed to be equal to the total conversion from the

enolate ion:

LIk

gt k¢

£no1” = & (¥r°0r) (5.14)

Because only the product of L k_J and C and not the separate va-

Enol
lues can be calculated, the reaction constants from the enolate model

are defined in a relative manner:

ks®Tx (5.15)

Lk .=k  +k_+k  +k = 1 (5.17)
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In appendix 3 the transformation of the enolate model to the over-
all model and reverse is derived., Only the final results are given,

For the two models the following relations are defined:

Overall model: Enolate model:
L}
KGF-KFM-KMG =1 (5.16) b k_J =1 (5.17)
k
~ IDe '
XI = kII o (5.18) XI = kI-k__I (5.19)
IDe
1
k2 k
¥ = o (5.20) Y= (5.21)
k 1
IDe k
~-De
1
ZI = kIDe'z YI (5.22) ZI = kI-(l - k—De) (5.23)

with I =G, F, M; I # I.
The auxiliary constant ZI also can be defined as a function of iso-
merization constants only.

For glucose:

™
. e ¥

¢ 7 fer e T T (5.24)

With the aid of the auxiliary constants X, ¥ and ZI’ the relations

I
between the reaction constants of the two models obtain a simple form,

Conversion from the enolate to the overall model:

1
kpg = kpek_; (5.25)
t
. ! k—De
kIDe = kI'k_De = ZI . :'— (5.26)
=De

ke = X, + Tk _ (5.27)
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k_I = '2:-'?———;—']— (5.28)
I
! |
kpe =TI 7T (5.29)
I
' k
IDe
k = . 1IDe (5.30)
De kIDe + ZI

More relations are given in appendix 3.

The overall model (Figure 5,2) is described with 9 reaction rate
constants. With the relations 5,24 and 5.26 it is possible to express
2 degradation constants as a function of the third degradation con-
stant and.some isomerization constants, With relation 5.16 the number
of independent variables in the overall model is reduced to 6, Within
the enolate model relation 5.17 reduces the number of independent
variables also to 6. So, the kinetic system is totally described with
5 isomerization constants and one degradation constant, The degrada-
tion reaction is characterised by the relative rate constant k:De or

by the selectivity, defined in the enolate model as:

, .
Sel, =1 -1k (5.31)

5.3, EXPERIMENTAL

The isomerization experiments are carried out under N, in a ther-
mostated and stirred (7 r.p.s.) reactor of ! dm3 (Figure 5.3)., The
sugar solution is brought into the reactor while the ion exchanger is
kept in a special vessel. When the catalyst is added to the solution,
the experiment starts. With a.special vacuum system catalyst-free
samples are taken, In a separate vessel the pH is measured.

At the end of an experiment, the rest activity of the ion exchanger
is determined in the reactor accérding to the method described in

section 4,2.2.
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1 = catalyat vessel
2 = reactor
1 3 = cooler
4 = thermometer
5 = stirrer
& = filter
7 = sample vessel
8 = pH measuring vessel
9 = pA electrode
10 = pH controller
= recorder

|
-
-

vacuum

Figure 5.3, Reactor for kinetic experiments,

The sugars are analysed with ion exchange chromatography (section
2.2) and the sugar acids with isotachophoresis (section 2.4), When a
small conversion of an aldose to a ketose has to be measured accura-
tely, the special ketose analysis (section 2,3) is applied.

The experiments cover a concentration range from 20 to 3200 mol
111_3 in the bulk solution and a temperature range from 295 K to 362 K,
Experiments are carried out, starting from glucose, fructose, mannose,
lactose, lactulose and galactose. In appendix 2 a list of the cata-
lysts studied is given. The quantities of sugar and cétalyst are given
as a ratio (S/ie) of the total amount of sugar and sites, both ex-—
pressed in mol and related to the same external volume in m3.

The standard conditions for an experiment are:

- sugar : glucose;
< catalyst + TRA 401;
- temperature : 313 K;
- S/ie 100/40,

In the further text only deviations from these standard conditions

will be mentioned,
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5.4. PROCESSING OF EXPERIMENTAL DATA

From the batch experiments we obtain the concentrations of the su-

gars as a function of the time: CS = f(t). The accuracy of the

analytical data is as follows: sol
- ion exchange chromatography: C, +

- ketose detection: C + 27

F,Lu

In Figure 5.4 an example of the course of the C

S
is given for a fructose experiment. It may be notedsg%at the concen-

= f(t) plots

D

tration degradation sugars in solution (C
sol

> is about equal to the

mannose concentration.

El:Cpsol
15 1 :
%30‘@ 2 CGsol
:C
@] \ Mso1
\ O\O @:CF L + Cq L + CM
? } \ \@ so so sol
3 \\‘“-\~\\\\\§
SN I © o-
16 1
D]
Catalyst 2 IRA 401
Sugar : Fructose
Temperature : 313 K
B\E] S/ie : 36/36
O/ o B-
/
;D
o o A
7 D— Ay A~
D&
0 T ; T é T 5 ——

time [ks ] —_

Figure 5,4. Concentration profiles from a batch experiment.

The concentration profile has been corrected in order to account for
the increase of the concentration of the catalyst during the sampling.
A small initial effect is present due to the fact that inside the
catalyst a certain product concentration should be reached before

equilibrium exists between the reaction rate and the diffusion rate.



Also impurities may cause initial effects. Both effects have been
corrected by extrapolation of the stationary region to initial con-
ditions.

There are two different procedures to calculate the selectivity
from the experimental data. Both methods are based on a selectivity,
independent of the reaction course and will be discussed in section
5.4,1 and 5.4,2.

5.4,1, SELECTIVITY CALCULATED FROM INITIAL DATA

The reaction rate constants can be calculated from the initial
slopes of the concentration profiles., Starting from e.g. glucose, the
substitution of the values of these slopes in the relations 5.6-5,8

<w1th e.g. in equation 5.6 CF ,t=0 = CM ,t=0 = 0 and COHT ~
sol sol ie

gives direetly the constants I k k... and kGM

¢ cJ’ “GF

OH, ,t=0>
ie
A more accurate way, used for our experiments, is to determine

these kinetic constants by analytical extrapolation methods. To cal-

culate e.g. k., the following approximations for C , C and
GF G F
sol sol
COH_ are substituted in equation 5,7 to obtain a differential equa-
tiofitin C :
F
sol
d >
~c
<dt Msol 0
C N ————— e =
M d F
sol ac CF sol
sol/t>0
*C
< soL/Vpore AF OH ,t=0>
* C (5.32)
( sol/vpore AM COH ,t=0> Fsol
C N ¢ . -C -cC (5.33)
Cso1 Cgo1t0 Fool Meo1
Cou] " Cou; ,t=0
ie ie
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This allows a direct integration.

Elimination of kGF gives:

kGF(t) = P_..°C .

(5.34)
with

vsol/vpore * KAF'COH;e.t=0
P._. = (5.35)
6F  Kye'Ce . ,t=0"Con? ,t=0
sol ie

CoH, ,t=0
1e

Q = L] -
CF Vsol/vpore * KAF COHie,t=0

kan (Vs01/Voore * KAF'COH;e,t=O)

kCFAKVsol/vpore * KAM.COH—ie,t=O)

(kMF'KAM - kGF'KAG) ~ ker'Rac T Kar T Ky (5.36)

The constants PGF can be calculated directly from the initial condi-
tions. The auxiliary constant QGF’ however, is a function of the va-
rious kinetic constants, including kGF' When the kinetics are not yet
known, certain assumptions for kIJ have to be made so that QGF can

be calculated as well, Substituting the experimental data (t, CF )

. . . . 1
then gives the reaction rate constant as a function of time so

(Figure 5.5). As relation 5.35 is independent of the approximation
for t > 0, extrapolation of kGF(t) to t - 0 gives the most accurate

value of kGF'

115



Kgp (©) [ s? ] —_
o

time [s] —_
Figure 5.5, Method for calculating kIJ'

With a somewhat modified derivation & kGJ can be calculated from the

glucose concentration course:

1n<C _/c )
Gopl’t—0 Gopl

t

Lk, =P, -

(5.37)

with

vsol/vpore * KAG.COH;e,t--.O
P = (5.38)

¢ Kue'Conl ,t=0"% _,t=0
ie sol

By extrapolation I kG can be determined similarly as is shown in

J
Figure 5.5.

The degradation constant kGDe is:

kope = L kg ~ (kGF * kGM) (3.39)

]
With relation 5.30 and 5,24 k—De and the selectivity, defined as the
]
fraction G, F and M formed from the enolate ion (Selen =1 - k—De)’
can be calculated directly, From experiments, starting from fructose -
FDe and kMDe and also the

selectivity can be calculated in a similar way,

and mannose, the degradation constants k
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This method of calculating the selectivity, however, has certain
drawbacks:

- The reaction constant kGF and kFM are respectively 30 and 3 times
higher than kGM' Only when kGM is calculated with a relation like
5.34, combined with accurate approximations for kIJ in QGM’ an
adequate accuracy can be reached,

~ As the concentrations are measured with an accuracy of 37, the ac-
curacy of the calculated kGF will be of the same order. Because the

absolute value of C is much higher than for Cp and C .

G

sol sol sol

the absolute error in CG is much higher and the determination of

d sol d d

T CG is more inaccurate than r CF and I CM .

sol sol sol
The selectivity also can be defined as a function of the concen-

trations in the solution, This selectivity, the gross selectivity, is

defined as:

Sel - sol . sol (5.40)
Gsol,t=0 G

sol

The gross selectivity as a function of the conversion gives a good
characterization of the catalyst, Extrapolation to initial conditions

gives:

kor * Kou

Sel
b3 kGJ

—— (5.41)

When kGF and kGM are determined from initial slopes or with an extra-
polation method, the selectivity can be calculated again with rela-
tions 5.39, 5.30 and 5.24.

The accuracy is not increased essentially because it is based on

the same experimental data.
5.4.2, SELECTIVITY CALCULATED FROM ONE SINGLE CONCENTRATION CURVE

When the 6 isomerization constants are calculated as described in

the previous section and, if necessary, corrected conform to relation
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]
5.16, only the degradation constant k__  remains unknown. Calculation

. —De .
of kGF(t) for different values of k—De gives the best degradation

constant when %E kGF(t) will be zero (see Figure 5.6).

o Flpe = 5
o’///
o/
o’///
o/
-8 ,o”//
1 oS0 [ o o o o— '
kg “~ -pe = -3
] [+]
_ ~
3 ™
& \\\\o
o \o
\o\ 1
k-De = .1

time [ s ] —

!
Figure 5.6. Method of determinating k—De'

As the approximation C = f (C ) gave too low a value for CM »
M F
sol sol

t sol

this results in a slight overestimated k_. . So, the actual selec-

e
tivity will be higher ?han Selen. Due to Ehis systematic deviation,
the selectivity from k—De only can be considered as an overall selec-
tivity during the experiment. The changes in the catalytic behaviour
of the ion exchanger is not taken into account., Nevertheless Selen is
useful for comparison of the selectivity as a function of different
parameters, A precondition, however, is that the selectivity is al-
ways calculated from the same conversion curve of kGF' As the degra-
dation of fructose is 3 times as fast as that of glucose and 10 times
that of mannose, the change of kGF from the fructose concentration
curve gives the most accurate results,

At lower temperatures a starting effect can be present (broken
line in Figure 5.5), The selectivity must be measured from the slope"

after the starting effect.
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5.5. RESULTS FOR THE ISOMERIZATION OF GLUCOSE

In this section the influence of several parameters on the kine-
tics of the glucose isomerization using basic ion exchangers as a cat-
alyst is discussed.

The reproducibility of the experiments appeared to be excellent.
The homogeneous isomerization can be neglected totally when the pH in

the outside solution does not exceed a value of 8,
5.5,1. INFLUENCE OF THE TEMPERATURE

As we also expect a concentration dependency, the influence of the
temperature is measured at two different glucose concentrations for
the gel-type resin Amberlite IRA 401, At concentrations of 80 mol m—3
and 3320 mol m_3, the temperature influence on the isomerization con-

stant kGF is almost the same, as shown in Figure 5.7,

PN
~A A : S/ie = 100/40
i _ -1
-6 ‘~\\~\\\\\\ EGF,T<323K = 86 kJ.mol
I A‘o\% ® : s/ie = 3380/20
_ -1
& 4 ~ EGF,T<323K © 98 kJ,.mol
A
5
- %
i \\\\\A
0]
AN
-0 —T -1 T T =T —
28 a0 32 a4

a0 [k -
Figure 5.7. Arrhenius plot of kGF for 2 different concentrations,

Only at the lower temperatures the activation energy differs slightly,
For both concentrations a deviation from the Arrhenius straight lines
sets in above 323 K due to diffusion influences. To ascertain that
for T < 323 diffusion effects do not influence the kinetics, we va-

ried the particle size (E; = .3 mm and Eé = ,55 mm) as well as the
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IRA 401 IRA 904
Description | 323 K| 313 K | 303 K | 295 K 295 K
(1) 2) (3) (&) (5)
Cs e 78 77 75 75 82
sol
Csie't=o 1080 | 1140 | 1200 | 1260 440
o, ,ee0 .88 .88 .87 .86 .95
oH, 13.2 | 13.5 | 13.6 | 13.85| 13.77
le,t=
________________________________ |
Erra 401
kGF.IO3 .90 .28 105 | .0394 | .0350 86
kFG.IO3 .69 215 | L0764 | L0271 | L0235 89
kFM.103 .080 | .032 | .0077 | .0029 | .0030 94
kMF.103 .34 104 | 022 | L0070 | .0085 109
kMG.103 104 | L0264 | 0069 | .0020 | .0019 108
kg 107 032 | .0095 | .0033 | .0012 L. .0010 90
L BH1pa 401
Kep 1.30 | 1.30 | 1.40 | 1.45 1.50 -3
Koy .24 .30 .35 e .35 -15
Ky 3.20 | 2.55 | 2.05 | 1.70 1.90 18
I R [ -‘_ ——m e — ] — E——— o ——
A51RA 401
Mgy - 70| - .65 | - .85 r - .90 | - .95 -7
. 3,80 | 3.00 | 2.65 | 2.10 2,50 58
MGy ~3.10 | -2.35 | -1.80 | =1.20 | ~-1.55 65

Table 5.1, Effects of temperature and catalyst on the kinetics of the
isomerization of glucose, fructose and mannose. The isome-
rization constants are expressed in s—l, A and AG are ex-
pressed in kJ mot ™t and aS in 7 mor ! X
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stirring rate (3 r.p.s. and .10 r,p,s,). Neither pore diffusion nor
film diffusion effects could be visualized.

Also in experiments starting from fructose and mannose the reac-
tion rate constants and the degradation comnstant k:De have been de-
termined, Table 5.1 gives a survey of the experimental conditions and
the kinetic results of the heterogeneous isomerization of glucose on
the resin IRA 40! (gel-type) and IRA 904 (macroreticular~type).

We calculated C '

and CH from the adsorption data

G, ,t=0 50- ,t=0
ie ie
(section 4.4) and the pore volume (section 4.3.3). In combination

with the capacity (section 4,2,2) and the ionization constant (chap-

ter 3) the internal basicity (pHi ) can be calculated,

e,t=0
From literature data the mutarotation consgtant km is calculated
for comparison with the isomerization constants. According to Isbell

and Pigman (257), km can be calculated from:

-1
i = Kacg * Kguy ™ 0001 + 1003 Gy g+ + 270 Cpp [ 5.2

with an activation energy Em of 72 kJ mol_l.

The mutarotation rate can be decreased due to a decreasing water con-
t
centration. Kjaer et al, (170) found an order in Cy 0 of 3.7, For
A

3.7 2

this reason k_¢C is also calculated.

o H20ie

In column (1)-(3) the results are given for the temperatures 323-
303 K. Column (4) gives the extrapolated data at 295 K in order to
compare them with the results using IRA 938 (column (5)).

In the last column, the thermodynamic parameters (E, AH and AS)
are given, calculated from the data on the corresponding lines in
Table 5.1.

The internal concentrations in IRA 401 are almost independent of
the temperature. This ensures that the observed influences are direct
temperature effects and not indirect concentration effects.

L
The mutarotation rate k_»C 3.7 is 8000 (IRA 401, 323 K) to

m Hzoie,t=0
80000 (IRA 904, 295 K) times faster than the isomerization congtant

kGF'
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For the glucose-fructose conversion, we have applied the relations:

Kep = kGF/kFG = c e (5.43)

with ¢ is a constant.

As kGF is expressed in (liquid) concentrations, E.. and EFC are ener-

GF
gies of activation:

E - E AU,
& (m KGF) - K. = (5.44)
ReT R-T
This gives:
AU, =E._ -E (5.45)

GF GF FG

As the pressure is low and the volume of the system remains constant,

relation 5.45 can be written as:

AHGF e AUGF (5.46)

And further:

AGGF = ReT In KGF

(5.47) -

ASop = (AHGF - AGGF)/T (5.48)
]
The rate constants for degradation k-De are given in Table 5.2,
The overall degradation constants of the various sugars are calcu—
lated with equations 5.24 and 5,26, The auxiliary constants XI, Y

I

]
and Z; and the enolate kinetic constants kI and k__ are directly cal-

J
culated with relations 5.18, 5,20, 5,22, 5,27 and 5.28. These data
give rise to the following considerations,

The reaction rates from glucose and fructose to mannose are rela-

tively low, Therefore KFM must be much smaller whereas KMG must be
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IRA 401 IRA 904
Description | 323 K | 313 K | 303 K | 295 K 295 K EIRA 401
(n (2) 3) %) (5) (6)
' 5
29 | .22 .18 .15 .25
-De 5
Sel 1| .78 .81 85 .75
en s
Kgpe- 10 49 | .10 032 | .009 .015 108
e 10 .22 | .33 073 | Lo22 044 112
kMDe.103 .18 | 037 | .ooe7| .oo16 0035 132
%10 .28 | .064 F 032 | .om ,0078 86
.10° 8.0 |2.45 .65 .23 .29 99
.10° 33.9 |8.05 | 1,90 | .55 .83 114
Y 57 | .66 | 1.02 | 1.25 .54
Yy 1.85 | 2.81 | 3.28 | 4.37 2,40
Y, 066 ] .096 | .10 .13 .068
Zc"°3' 1,21 | .35 [ 4 .052 .046 85
z..10° 3,02 [1.18 .32 .125 132 90
z .103 46 | .13 .03 ,009 ,011 109
kg 10 1.69 W .45 a7 | Loe ,058 91
ke 10 4.24 | 1,52 .40 .15 .18 94
kM.IO3 64 | 17 ,036 | .01l 014 113
1
kg 16 | 14 .19 .18 .13
1
kg .53 | .62 .61 .65 .60
1]
Ky 019 | 021 | .019 | .020 ,017

Table 5.2, Effeet of temperature and catalyst on the kinetics of the
igomerization of glucose, fructose and mannose (continua-
“tion of Table 5.1).
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mirch greater than ..0. Fcr rhe same reason AGF\( and AGMG should be

positive and negative successively. Within the enolate model these
observations are caused by one single reason, viz. the low k:M value.

The high activation energy for the isomerization of mannose to
glucose and fructose, gives a strong teﬁperature dependence of KFM
and KMG in the form of high values of AHFM and AHMG. It means that at
high temperatures the mannose concentration decreases strongly within
the equilibrium concentrations of the isomers. In Figure 5.8 the

Arrhenius plot of the isomerization constants are given,

=3 -

~ 4 O kg O kpy
Bkpg Ak

ooy, Ve -
o~

b//
n kIJ-—.

1n kyy —

O~ 5
-10- ~ =10+ \
\\\\\\\\\O\\\
-12 5 ~124 A ~
fig. (al fig. (b)
31 3.2 3.3 3 32 33
a0 [k — e [k —
=6 -4 1
- K
o} kMG 0 kg
A X, ~ A kg
' A @ x,

\
101 \O\ -8 4 @ A~
\A a\

/Q
b
/

[C]
~
o]
-124 \Cx\ -10
] G
ig. ( ig. (d ~
fig. (e) O\ ' fig r)
3 3.2 33 31 3.2 3.3
-1 .3 -1
T 0,10 K — - -
: he] ™10 kY —

Figure 5.8. Arrhenius plots of the isomerization reaction constants.
In Figure 5.8 (a)-(e) the temperature dependency within
the overqll model is given, while figure 5.8 (d) repre-
gents the temperature dependence within the enolate model.
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From the activation energies we developed the potential energy

picture as given in Figure 5.9.

1 - - Enol _ -
Enol - Enol Enol — Enol Enol
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Figure 5.9. Energy picture.

It appears that the activation energies, calculated in the overall
system and those calculated for the enolate system are both indepen-
dent of the starting sugar and yield the same energy level for the
activated enolate intermediate. Relative to glucose the energy level
of the enclate intermediate is 90 + 2.5 kJ mol_l. As this level is
independent of the starting sugar, we may say that the description of
the interconversion of glucose, fructose and mannose via one single
intermediate is in fully agreement with the potential energy distri-
bution.

With decreasing temperature, the degradation k:De is decreasing

(Table 5.2) and the selectivity is increasing (Figure 5.10).
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Figure 5.10. Selectivity of the glucose isomerization at standard

conditions as a functioﬁ of the temperature.
5.5.2., INFLUENCE OF THE CONCENTRATION

The influence of the initial sugar concentration on the kinetic

parameters is determined for glucose only (Table 5.3).

s/ie 37/37 | 103741 | 420760 | 32007410

Co . e=0 22 78 380 2280
sol

Ccie,:=o 728 1100 1715 2830

;=0 717 1075 1590 1570
T

Cho. e | %2 .88 .80 .63
271

PHi, oo 13.7 | 13.5 12.9 11.8

k._.10° 22 28 26 24
cr ) ) . .
A

kK .10° .23 .22 17 .05
-De

sel .77 .78 .83 .95

en

Table 5.3. Effect of the sugar concentration on the activity and se-

lectivity of the glucose isomerization reaction.
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The isomerization is considered to be first order in the sugar
anion concentration. For the conversion of glucose to fructose at

t > 0:

C - =k nC - (5149)

The isomerization constant k. appeared to be independent of the glu-

GF
cose concentration and the pH inside the ion exchanger:

-1
kGF.Stand. cond, .25+ .03 [ks ]

This result proves that the isomerization of glucose is only first
order in G and independent of the hydroxyl concentration.

With increasing glucose concentration the degradation decreases
and the selectivity increases, Although the mutarotation rate de-
creases with increasing CG , the selectivity effect cannot be

! )3.7 .
1ls

H,0, ,t=0
-3 1e_.
50000 <?G = 730 mol m > to 200 (?G = 2830 mol m ) times faster
ie ie

than the isomerization rate, If we plot the data of Table 5.3, we

. . je .
ascribed to this as the mu%arotatlon rate k -(C

obtain the Figures 5.11 (a) through (d).

10 1 1.0

] o ) o
[ i
> 9
& -84 0§
O]
o/ s - /
5 o—°
fig, (a) fig. (b)
1 v T L T 7 o T T T T T 7
1] 1 2 0 1 2 3
-3 -3
C .10 —_ C .10 —_
Gsol Gie

127



101 10 W
t e
s [o £ (©]
- ';‘,
.9 1 8
o _ °
2 \\\ 8 \\\\\
O—0- OO0
fig. (e) fig. (d)
N T T T 1 g T T T ——T T
.6 N 10 r 13 14
(:l — pH —
Hy05e ie

Figure 5.11. Selectivity of the glucose isomerization at standard
conditions versus:
(a): glucose concentration in solution;
(b): glucose concentration in the exchanger;
(e): water concentration in the exchanger;
(d): pH in the exchanger,

It is not presumed that all plots show causal relations., The increase
in selectivity can in principle be ascribed to an increase of the
glucose concentration in the exchanger or to a decrease of the inter-
nal pH. The decreased water concentration is directly related with
the increased glucose concentration. As we see from column (4) and
(5) of Table 5.1 and 5.2 that for two different ion exchangers an in-
crease in selectivity from 0.75 to 0.85 is accompanied by an increase
of the internal glucose concentration, while the pHie remains con-
stant, and because this effect shows the same relation as presented
by column (1) and (3) of Table 5,3, we favour the explanation that
increased selectivities are coupled to increased glucose concentra-
tion (or éecreased water concentration). Although the mechanism of
the degradation reactions is very complex, the concentration effect
at high glucose concentrations (CG > 1000 mol m—3) must be ascribed
to a conformation effect consequent on a decrease of the amount of
water molecules in the direct surrounding of the reacting enediol

anion,
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The causality between the pl-lie and other influences, as the presen-
ce of quaternary ammonium groups inside the resin, and the selectivity
cannot be quantified from our experimental results., At high glucose
concentrations they are not supposed to have a dominating influence,
For the homogeneous isomerization an influence of the hydroxyl con-
centration on the degradation is mentioned (165). For this reason it
is likely that besides the concentration effect the pHie will influen-
ce the selectivity too.

Up to now the selectivity has been calculated from the fructose
concentration curve (section 5.4.2). In order to obtain the concen-—
tration dependency, the selectivity is also measured from initial da-
ta (section 5.4,1) and the results of both methods are compared (Table
5.4).

experiment: seléctivity (Selen)

S/ie from fructose curve from initial data

(Table 5.3)

(n (2)

36/ 36 .77 .83
100/ 40 .78 .92
400/ 40 .83 > 1.00
3000/400 .95 .99

Table 5.4. Effect of the method of determining the selectivity.

In section 5.4.2 was mentioned already that the selectivity calcu-
lated from the fructose concentration curve, will give too low a va-
lue because of the approximation in the mannose concentration. With
the exception of the 400/40 experiment both methods show the same

trend with increasing concentration.
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5.5.3. INFLUENCE OF THE TYPE OF ION EXCHANGER

In section 5,5.2 the difference in selectivity between the gel-type
resin IRA 401 and the macroreticular-type IRA 904 has been discussed
already. In Table 5.5 a comparison of the kinetics of the isomeriza-
tion is given for three different basic ion exchangers and the homo-
geneous catalyst NaOH

To compare the isomerization constants of the various catalysts,

we have normalized the sum of the isomerization constants according

k ,+k  +k _ = ,85 ' (5.50)

In column (5) to (7) the data are given, relative to Amberlite IRA
401,
There is a gradual change in the properties of the isomerization

with the different catalysts:
IRA 401 — IRA 904 — Bio-Rad — NaOH

In this sequence the isomerization constants kI are strongly decrea-

J

sing. When the enolate constants kI and k_I are considered we see
that the conversion rates of the enolate with glucose and mannose de-

creases to one quarter while k_ and k-F are strongly increasing. As

F
the pHie is not essentially different, these effects must be ascribed
to the concentration change in the reaction system,

When these results are applied to the relation between the selec-
tivity and the internal concentration, we expect the selectivity to
decrease in the given sequence of catalysts, at least under the ex-
perimental conditions, stated in Table 5.5.

For the heterogeneous isomerization we saw already that mutarota-
tion is much faster than isomerization, For the homogeneous isomeri-
zation at the conditions of MacLaurin and Green the mutarotation is
even 500000 times faster.

Gleason and Barker (315) found different values for the relative
enolization rate constants of ribose in Na,CO, and KOH. As these rate

2773
constants are directly related to the degradation, the influence of
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i s . IRA 904 | Bio—Rad | NaOH
Description | TRA 401 | IRA 904 | Bio-Rad | NaOH TRA ZOT | TRA 20T | TRA 401
n (2) (3) (4) (5) (6) (7N
CS . L ,t=0 1260 440 50 2 .35 .04 .002
(ie)
t
CHZO- , £=0 .86 .95 .99 1.00 1.10 1,15 1.16
ie
PH(jey gm0 13.8° 13.77 | 13.6 | 14.0 .99 98 | 1.01
,t=
kGF.IO3 .0394 .0350 L0217 .0098 .89 .55 .25
kFG.IO3 .0271 .0235 L0146 .0107 .87 .54 .39
kFM.IO3 .0029 .0030 .0026 .0017 1.03 .90 .59
kMF.IO3 .0070 .0085 .0062 .0031 1.21 .89 b
kMG.IO3 .0020 .0019 .0008 .00014 .95 .40 .07
kGM.IO3 .0012 .0010 .0005 .00007 .83 W42 .06
kG.IO3 .061 .052 .029 .012 .85 .48 .20
kF.IO3 147 154 . 153 .293 1.05 1.04 1.99
kM.IO3 .011 .012 .008 .0030 1.09 .73 .27
==
k_G .18 .15 .096 .037 .83 .53 .21
1
k—F +65 .68 4 .81 1.05 1.14 1.25
1
k_M .020 019 .017 . 006 .95 .85 .30
Table 5.5. Influence of the type of catalyst on the kinetic constants

at 295 K. In colum (3) the isomerization econstants, mea-
sured by Rendleman and Hodge at 300 K (81) are given after
correction to 295 K using the activation energies from Ta-
ble 5.1. The kMG’ which was not measured, is calculated
with relation 5.16., Column (4) give MacLaurin and Green's
data (225) for the homogeneous isomerization. The deviation

from relation 5,16 18 corrected in kGM‘ In the columns (5)-

(7) the properties relative to IRA 401 are given.
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HCO3_ and 0032_ as counterions for IRA 401 has been studied, The se-
lectivity increased somewhat but the catalytic activity was very low.
In the next section the enolization rates are discussed in more de-

tail.
5.5.4. RELATIVE ENOLIZATION RATES

As we mentioned already, the relative enolization rate constants
are related to the degradation. From the enolate equations (section

5.2.2) we can derive, e.g. for fructose relative to glucose:

kF kFM kFDe
T{-—=k—= " (5.51)
G GM GDe ’

Isbell et al. (294), de Wilt and Kuster (285), Hepner (316) and de
Wit (165) have reported these relative enolization rate constants, We
calculated these from our experimental data and from the isomeriza-
tion constants measured by Rendleman and Hodge (81) and MacLaurin and

Green (225). In Table 5.6 a survey is given.

Catalyst | Temp. Relative constants within enolate model

1 1 1 1 ] A

K kp/kg | kop/k g | Rylke | kow/®_g | Kipe/*—g

IRA 401 323 2.5 3.3 .38 12 1.8
IRA 401 313 3.4 4.4 .38 .15 1.6
IRA 401 303 2.4 3.2 .21 .10 1,0
IRA 401 295 2,5 3.6 .18 .11 0,8
IRA 904 295 3.1 4.6 .24 13 1.9
Bio—Rad 295 5.2 7.7 .29 .18
NaOH, IN 295 24,2 22,2 .31 .16

Table 5.6. Relative reaction rate constants within the enolate model.
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The relative reaction constants increase for the different catalysts

in the sequence IRA 401>IRA 904->Bio-Rad — NaOH. This sequence is

the same as discussed already for the selectivity,

In Figure 5.12 the relative enolization rates are given in an

Arrhenius type plot.
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Figure 5.12. Enolization rates of fructose (fig. (a)) and mannose

(fig. (b)) with:

our data: @ IRA 401
& ITRA 904
® Bio-Rad
® NaOH

literature data: ®de Wilt et al.

M Hepner
¥ Isbell et al.
& de Wt

The mentioned temperature dependence of the enolization in IRA 401 is

clear. The literature data for the homogeneous reaction (de Wilt et

al., Isbell et al,, Hepner, MacLaurin et al. and de Wit) also give a

more or less linear relation. In 1971 Isbell (317) stated that the

data of de Wilt did not agree with his results. However, when the

temperature influence on these relative rate constants is taken into

account, the difference between de Wilt's and Isbell's data disappear.
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6.6.6. FORMATION OF DEGRADATION PRODUCTS

The homogeneous degradation of glucose under Nz-atmosphere has
been recently described by de Wit (165), who identified 1l different
acidic products. According to his results the pH (11-14,3) and the
type of cation influences the product distribution more slightly than
the temperature (323-363 K) or the glucose concentration (15-150 mol
m_3) .

To study the products of the degradation of the sugars glucose,
fructose and mannose under NZ’ we added a 3-fold excess of KCl to the
mixture at the end of isomerization runs (section 5,3), determined
the rest activity (Acr) by titration (section 4.2,2) and analyzed a
gample by electrophoresis. In all cases we observed a deficiency in
the carbon balance that varied between 27 at 313 K to 57 at 333 K,

As the mechanism of the degradation reactions is very complex, the
possible influence of recombination reactions on the final product

distribution will be discussed first.
5.58.8.1. INFLUENCE OF RECOMBINATION

The chain length of the degradation products is not only deter-
mined by fragmentation but also by recombination. For the homogeneous
isomerization this effect is suggested already in literature (292,
328,329).

To show that recombination reactions also occur with anion ex~
changers, some explorative experiments were carried out with glyceral-
dehyde as the starting component on Amberlite IRA 904. From the re-
sults given in Table 5.7 we see that recombination to the C6—sugars
glucose, fructose and mannose occurs easily. Almost no glyceraldehyde
is left after 1 ks at 333 K., The 1,2-enediol of glyceraldehyde gives
lactic acid via B-elimination and a benzilic acid rearrangement, The
saccharinic acids can be formed similarly from the 1,2 enolate ion of

the hexoses.
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Product digtribution in mol fraction:
in solution in the catalyst

glucose .30 formic acid .04
fructose .05 acetic acid

mannose .15 glycolic acid -05
arabinose lactic acid .62
ribose 20 glyceric acid .03
galactose .05 dihydroxybutyric acid .06
glyceraldehyd .05° deoxypentonic acid .04
others .20 saccharinic acids .16

Table 5.7. Produet distrtbution from reaction of glyeceraldehyde with
IRA 904,

5.5.5.2, INFLUENCE OF THE REACTION RATE

For the standard experiment the influence of the reaction time is
studied. In Table 5.8 the product distribution in mol fraction and
the degree of coverage 6 in the ion exchanger are given. The degree
of coverage represents the absolute quantity of acids per equivalent
ion exchanger. To express the varying quantity of hydroxyl ions in
the exchanger during an experiment we use the expression PHie and

calculate the values according to:

pHie

pKw + log C + 3 (5.52)

OH,
le

pH pK, + log C + log Ac + 3 (5.53)

ie OH, ,t=0
ie
with Acr = rest activity,
Until 100 ks (pHie decreases from 13.5 to 12,7) the rates of forma-

tion for lactic acid and saccharinic acid are decreasing. From 100 ks
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Product distribution
after 7 ks after 100 ks after 200 ks data de Wit:
.035 M glu-
Description fraction | coverage| fraction | coverage| fraction | coverage| cose with
mol mol mol mol mol mol KOH at 353 K
mol eq mol eq mol eq
(¢D] (2) (& (4) (5) (6) (M) | &
rest activity 707 1—67 17 - -
final Pﬂ(ie) 13.4 12,7 11.5 13.7 11,0
_‘r R XA L
formic acid .05 .02 .09 .08 12 W12 ,'03 4
acetic acid .07 .02 .10 .08 A5 BE 10 .15
glycolic acid .04 .01 .05 .04 .07 .07 .02 17
lactic acid .55 .16 W43 .36 .35 .34 .65 .20
glycerie acid .03 .01 .06 .05 .07 .07 - .01
dihydroxybutyric aecid .06 .02 .07 .06 .08 .08 .09 15
deoxypentonic acid .03 .01 .05 .04 . .04 .04 - .02
gaccharinic acid A7 .05 .15 .13 2 W12 .10 .16
other acids - - - - - - .01 -
total 1.00 .30 1.00 .84 1.00 .99 1.00 | 1.00

Table 5,8. Product distribution as a function of the reaction time
for the standard experiment (glucose on IRA 401 at 313 K
with 8/ie = 100/40), compared with homogeneous data.

to 200 ks (pHie from 12.7 to 11,5) no further lactic and saccharinic
acid are formed in contrast with the other acids.

From an oxygen balance of the isomerization and degradation pro-
ducts we found a few percent oxygen excess, implying that some oxida-
tive degradation must have occurred. To study this, the ion exchanger
was filtered from the solution after 7 ks of reaction (column (1) and
(2), Table 5.8) and the wet filter cake was contacted with air for
50 ks, A strong increase of formic and glyceric acid and the forma-
tion of substantial quantities of arabonic acid were observed, This
is in agreement with Samuelson and Stolpe (284) and de Wilt and Kus-—
ter (285). As no arabonic acid was found in our experiments (under
NZ)’ we conclude that for the present experiments oxidative degrada-

tion can be neglected.
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The influence of the product distribution on the pH has been shown
for the homogeneous isomerization by de Wit (165). As he measured an
influence of the pH, we have calculated the internal pH (pHie).

The influence of the pHie can be compared with pH effects in homo-
geneous isomerizations from de Wit, as presented in column (7) and
(8) of Table 5,8. As no quantitative concentrations have been given
by de Wit, the comparison can only be of a qualitative nature, With
the exception of the saccharinic acids, the changes as a function of
pHie are in agreement with the homogeneous data. At the beginning of
the experiment the rupture of the C3-C4 bond, leading to the lactic
acid production, is the most important reaction. When the reaction
shows down due to a lower internal pH, the fragmentation to C, and

I

Cz—acids increases relative to the benzilic acid rearrangement.
For a detailed discussion of the complex degradation reaction net-—
work, the reader is referred to the scheme given in the thesis of de

Wit (165).
5.5.5.3. INFLUENCE OF THE TYPE OF SUGAR

To study the influence of the type of sugar, the standard experi-
ment is also carried out with fructose and mannose for about 10 ks.
It is not very useful to compare product distributions for different
sugars at the same reaction time because their reaction rate constants
are different. In this respect the product of the first order enoli-
zation constant kI (Table 5.2) and the reaction time is a better di-
mensionlegs parameter, Therefore in Table 5.9 we have classified the

hexose experiments at each temperature according to increasing k_-t.

In experiment (1) to (5) the final pH]._e and the rest capacityIin-
crease independent of the type of sugar. It also appears that the re-
lative reaction time kI-t dominates the product distribution. In Fi-
gure 5.13 (a) and (b) the mol fraction and the quantity, relative to
the capacity (8), are given as a function of the relative reaction
time. A

The experiments (6) and (7) at 323 K and (8) and (9) at 333 K

show the same relations as discussed for the experiments at 313 K.
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Temperature 313 K 323 K 333 K
experiment nr. (n 2) (3) (4) (5) (6) (7) (8) (9)
relative time: k -t 2 30 11| 40| 80 2 | n 8 | 400
time: t [ks] 12 7 7 | 100 | 200 3 3 2 | 100
sugar M G F G G M F G G
final pH, 13,4 [ 13,4 13,0 12,7 11,5 13,0 | 12,8 [12.6 ] 11,2
rest activity .75 70 (45 L6 .01 .75 55 .45 .02
e R e e o]
formic acid 04 05| 09| .09| ,12] .o7| .10] 12| .10
—_—
[ acetic acid .07 .11 .10 W15 R
° ] .09 .10 4| 18
g |glycolic acid .04 .04 .05 .07 .04
o |lactic acid .56 | .55 43| .35 .28
) , , .49 S1|oLah | .37
o glyceric acid - .03 .06 | .07 .07
4 |aihydroxybutyric acid | .08 | .06 .07 | .07 .08| 07| .06| .08| .08
E deoxypentonic acid .04 .03 .05 .05 .04 .03 .05 .04 .07
' |saccharinic acids a9 7| e oas| oz ow22] s3] L2
8 total 1.00 | 1,00 | 1.00]1,00]1,00)1.00] 1.00 [1,00]| 1.00
formic acid 01| .02| 05| .08 .12 .,02] .05 .06 .10
=" lacetic acid 02| 06| .08| .15 .05 .
[ .02 .03 .08 .18
o |glycolic acid .01 .02 .04 .07 .02
3 [lactic acid 4| .16 361 L34 .27
B .27 2] .20 .21
- glyceric acid - .0l 05| .07 .07
g |dinydroxybutyric acid [ .02 | .02| .04| ,06| .08| .02| .03 .05| .08
E deoxypentonic acid 01 .01 03| 04| .04 .01 02| .02 .07
§ saccharinic acids 05| .05| .o8| .13| .12 05| .08| .13| .20
total .25 30| .55] .84 .99 | .25| .45 .55| .98

Table 5.9. Distribution of degradation products for glucose, fructose
and mannose as a function of the relative time kI-t.
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5.5.5.4.>INFLUENCE OF THE TEMPERATURE

As the degradation as a function of the relative reaction time is
independent of the type of sugar, the experiments (6)-(9) (Table 5.9)
can be compared directly with column (1) to (5). In Figures 5.14 (a)
and (b) the temperature dependency for the C3 and the C6 acid forma-
tion is shown, At higher temperatures less C3—acids and more Ce-acids
are formed due to an enhanced B-elimination with a benzilic acid re-

arrangement, relative to the retro-aldolization and aldolizationm.
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Figure 5.14. Influence temperature on the mol fraction of Cg—acids

(fig. (a)) and Cgmacids (fig. (b)) with: ®T = 313 K,
AT = 323 K, BT = 333 K.

5.5.6. FINAL CONCLUSIONS ON THE ISOMERIZATION OF GLUCOSE

The isomerization of glucose, fructose and mannose can be; described
satisfactorily with the enolate model as follows inter alia from
the energy level of the activated complex and from the observation
that the product distribution of the degradation products, are in-
dependent of the type of sugar.

The isomerization is first order in the sugar anion concentration
and totally independent of the concentration molecular sugar or the
concentration hydroxyl ions.

The selectivity increases with increasing hexose or decreasing wa-
ter concentration, To an unknown, but probably minor, extent the pH
and the quaternary ammonium groups inside the catalyst may have an
influence on the reaction too. At higher temperature the selectivi-
ty decreases., 7

The mutarotation is under all experimental circumstances much fast-

er than the isomerization and degradation,
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- The decrease in selectivity in the series IRA 401 - IRA 904 - Bio—-
Rad - NaOH can be ascribed to a decrease of the hexose concentration
in the catalytic alkaline enviromment,

- The increased selectivity with increasing glucose concentration,
combined with the possibility to influence the physical properties
of the catalyst, makes the isomerization process with ion exchangers
economically more attractive than the homogeneous isomerization pro—

cess.,
5.6, RESULTS FOR THE ISOMERIZATION OF LACTOSE

The disaccharide lactose (0-f-D—galactopyranosyl-(1-4)-D-glucopy-
ranose) can be considered as glucose with a galactose substituted on
Che The kinetics of the isomerization of lactose do not differ from
those, described for the glucose isomerization, The lactose-lactu-
lose-epilactose interconversion, in which' the glucose part of lactose
transforms into fructose and mannose respectively, is also supposed
to proceed via an enolate ion. The formation of epilactose is not
taken into account furthermore. The kinetic model and the relations
described in section 5.2 and 5.4 are also valid for the lactose iso-
merization. However, the main degradation product is galactose, due
to glycosyl splitting, as the isomerization of glucose to talose and
tagatose is very slow. Consequently, the gross selectivity to lactu-
lose and the conversion for the lactose isomerization can be deseri-
bed by:

CLusol
Se1gr = o oo (5.54)
sol sol
C + C
C _ Lusol GAsol
onv = — (5.55)
La , =0 '
sol

For t—0 we get:

k'LaLu

A (5.56)

Sel =
gr, £0 kLaLu * kLaGa
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As the disaccharides are large molecules, diffusion can play a
more important role., For this reason the standard experiment is car-—
ried out with the macroreticular ion exchanger Amberlite IRA 904. The
concenctrations of sugar and exchanger for the lactose standard ex-
periment are 600 and 40 mol m—3 respectively (S/ie = 600/40)., The
ionization constants of lactose and lactulose are given in chapter 3.
In section 4.4 the adsorption of lactose and lactulose is éiven. The
change of the pore volume due to this adsorption <%§X) is about twice
as much as for glucose (Table 5.2, page 74). More information about
physical properties like solubility can be found in the literature
(319-323).

6.6.1. INFLUENCE OF THE TYPE OF CATALYST

For the isomerization of glucose the catalyst influences the se-
lectivity. For this reason the gross selectivity in the isomerization
of lactose was determined as a function of the conversion for several
types of ion exchange resins. At 313 K as well as at 333 K the macro-
reticular resins IRA 904 and IRA 938 gave the highest selectivity.
Among all resins, discussed in section 4.3.3 and appendix 2, these
two exchangers have exceptionally high porosities.

To study the influence of the pore diffusion, the pafticle size is
reduced about ten fold to Hp = .05 + .03 mm. In Table 5.10 the re-
sults are given for the gel-type resin IRA 401 and the macroreticular
resin IRA 904 at 313 K. The increased reaction rate constants k

LaLu
and k with smaller particles IRA 401 points to a pore diffusion

limitzigzn inside IRA 401. With IRA 904 as a catalyst no indication
for pore diffusion is found.

If we assume no pore diffusion limitation in the ground particles
of both ion exchangers column (2) and (4), it must be concluded that

the gross selectivity, Sel shows that IRA 40! gives a higher

50°
selectivity than IRA 904, %Eiz gs in agreement with the results of
the glucose isomerization.

For the lactose isomerization we found that the carbonate form of
Amberlite IRA 904 at 363 K shows a higher selectivity and the same
activity than in the hydroxyl form at 313 K. This effect is more im-
portant because high temperatures, and thus high concentrations by an

increased solubility, can be applied.
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IRA 401 IRA 204
Description
| @ 3 (4)
L Ep [mm] .47 | .05 .50 .05
3
kLaLu'lo .21 .41 .54 .51
kLaGa.IO3 .05 .022 .063 .052
Selgr,t+0 .80 .95 .90 .91

Table 5.10. Influence of the particle size on the isomevrization of

Lactose at 313 K.
5.6.2. INFLUENCE OF THE TEMPERATURE

The temperature dependence of kLaLu and kLuLa are shown in the

Arrhenius plot in Figure 5.15.

\O

in k —

3.0 3.2

28 |
1,103 [x'll —

Figure 6.15. Arrhenius plot of kLaLu and kLuLa'
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For temperatures T > 313 K the observed overall-isomerization con-
stants kLaLu and kLuLa deviate from the Arrhenius relation, The in-
fluence of the molecular size on the diffusion is considerable. Al-
though a macroreticular resin is used for the lactose isomerization,
a diffusion limitation starts already at a temperature above 313 K
(cf, 323 K for glucose on ITA 401). The activation energies for T <
-1 .
313 K for kLaLu and kLuLa are both about 90 kJ mol . Comparison of
the kinetic data at 303 K and 313 K with the data of the glucose iso-
merization with IRA 401 (Table 5.1) are given in Table 5.11,

3 3 3 3
T kGF'lO kLaLu']0 kFG"O kLuLa']0 KGF 'KLaLu

(3 I Pt T P R B P B B P

303 . 105 .16 .074 .086 1.4 1.9
313 .28 .54 .215 .27 1.3 2,0

Table 5.11. Comparison isomerization glucose and lactose.

) —

kparu’ *rarutfraca

T
300 320 340 360

Figure 5.16. Selectivity of the lactose isomerization with IRA 904

as a function of the temperature,
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The data show that the isomerization as well as the equilibrium con-

stants for the lactose isomerization are higher than for glucose.

The ratio kLaLu/szaLu + kLaGa) is a measure of the selectivity,
In Figure 5.16 this ratio is shown as a function of the temperature.

The decrease in the selectivity with increasing temperature is in

agreement with the observation in the glucose isomerization (section

5.1.1).

5.,6.3. INFLUENCE OF THE CONUENTRATION

s/ie 100/40 | 600740
s mo 90 570
opl’
G5 ee0 250 570
le
1
c ~ .94 .87
H,0, _,t=0
PR, g 13.43 | 13.15
3
K g 10 .60 .54
T .20 .27
ko107 .15 .064
aGa 3
K, gqr 10 .67 .51
Ky 3.0 2.0
K, ,.10° .79 .64
2 3
k.10 3.5 5.1
188
'
k. .06 .05
1]
K .75 .85
;
s .19 .10
Sel .81 .90
en

At two different concentrations,
lactose and lactulose isomerization
experiments have been carried out.
In Table 5.12 the data, corrected
to 313 K, are given. With the re=-
lations as discussed in section
5.2,2, the kinetic constants with-
in the enolate model can be calcu-
lated.

The enolate selectivity Selen
for the lactose isomerization is
calculated directly from the mea-—
sured degradation constants. For
this reason it is not possible to
compare these data with Selen for
the glucose isomerization,

The increase of Selen with the
sugar concentration is in agree-
ment with this effect for the glu-

cose isomerization,
Table 5.12. Influence of the con-

centration in the lactose isomeri-
zatton on IRA 904 at 313 K.
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5.6.4, FORMATION OF DEGRADATION PRODUCTS N

The degradation of oligosaccharides has been studied by several
authors (307-313). The homogeneous degradation of lactose gives the
hydrolysis products galactose and a~ and B-isosaccharinic acids.

In Table 5,13 the product distribution of the degradation of lac-
tose in IRA 904 is compared with that of glucose at a comparable

kI't value.

mol ratio
name acid

lactose | hexose
formic acid .21 .06 lactose: .
acetic acid S/ie = 200/40
glycolic acid 103 $ T. = 333 K
lactic acid .03 .33 kI~t = 23
glyceric acid .01 .02
dihydroxybutyric acid .12 .10
deoxypentonic acid .04 .04
meta-saccharinic acid .11 .24
iso-saccharinié acid .43 .06

Table 5,13. Product distribution in lactose degradation, compaved with

the product distribution from glucose.

From the amounts of formic acid and iso-saccharinic acid we can
conclude that the degradation of lactose and lactulose probably will
proceed via the same intermediate 4-deoxy-2,3-hexodiulose.

Recent literature data (300-303) show that 4-deoxy-2,3-hexodiulose,
an intermediate for the degradation via an 2,3 enolate mechanism for
hexoses, can give 3,4-didecxypentonic acid, However,we were unable

to verify these results.

146



5.6.5. FINAL CONCLUSIONS ON THE ISOMERIZATION OF LACTOSE

- The isomerization of lactose to lactulose in the presence of basic
ion exchangers can be described analogous to the glucose isomeri-
zation, The interconversion is only a function of the temperature
and the concentration of the sugar anions inside the resin. The
pHie has no influence on the isomerizationm,

— Degradation of lactose and lactulose occurs mainly via an 2,3-eno-—
late intermediate and 4~deoxy-2,3-hexodiulose to formic acid and
iso-saccharinic acid.

— The increased selectivity with increasing lactose concentration at
higher temperatures will give an economically attractive process.
To prevent diffusion limitation a less active catalyst as a weakly
basic ion exchanger can be used.

- The isomerization with ion exchangers is specially commercially at-
tractive for those processes which cannot be carried out enzymatic-
ly e.g. the conversion of lactose to lactulose and maltose to mal-

tulose.
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APPENDIX 1

Structure formulae
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formulae of sugar acids

COO0H
1

CH3

acetic

acid

COOH
|
H,C-COH
|
CH,0H

2-methyl-

glyceric acid

?HZOH
Cc=0
)
Cc=0
I
e,
HCOH

]

CHZOH
4-deoxy-2,3-

hexodiulose

COOH
!
CH,OH

glycolic

acid

COOH
HéOH
o

éH OH

2,4-dihydroxy-

butyric acid

COOH
|
HCOH HOH
H?OH
HCOH

|

CH,0H

meta-saccha-

rinic acid

2

?OOH
HCOH

|

CH

lactic

acid

Co0H

HCOH
Hy

o,

CHZOH

3,4-dideoxy-

pentonic acid

?OOH

C-COH
|

"
H?OH

CHZOH‘

iso~saccharinic

acid



Specifications of resins

- APPENDIX 2

3) 3)
wet moisture exchange cap. T 2 CP°1+ cPark
5 max NRI‘ NRI‘
type name density - wet dry
[kg dm_Jl [Z] [eq dm-J] [eq kg_l] [°c] [eq dm_J] [eq dm_3]
m (2) (3) (4) (5) (6) [©))] (8) (9)
SB-I-G | Amberlite IRA 401 .69 59-65 1.0 4.3 60 3.4 1.23
SB-I-G | Lewatit M 504 .7-.75 | 55-60 1.3 70 4.6 1.34
SB-I-G | Asmit 261 68" .8 4.0 80
$B-I-G | Imac $-5-50 53 1.2 3. 50 3.3 | 127
SB-I-MP | Amberlite IRA 900 .67 58-64 1.0 4.2 60 4.1 111
SB-I-MP | Amberlite IRA 904 .67 55-62 .7 2. 60 1.9 .64
SB-I-MP | Amberlite IRA 938 ,64 69-77 1,0 3.8 60 3.5 .62
SB-I-MP | Lewatit MP 500 .65-.7 | 55-60 1,2 70 4.2 112
SB-I-MP | Zerolit MPF .72 1.1 60
SB-I-MP | Duolite A 171 SC .73 60 100"
SB-I-MP | Dowex MSA-I 56-64 1.0 3,8-4,2 50
SB-II-G | Amberlite IRA 410 .70 38-44 1.4 3.7 40 3.7 1.79
SB-II-G | Imac S-5-42 54 11 3.4 40 3.9 | 1.58
SB-II-G | Sephadex QAE-A 25 3.0
SB~II-MP | Amberlite IRA 910 .67 55-60 1.0 3.8 40
SB-TI-MP | Lewatit CA 9223 .75-.85 1.2 40 4.7 1.68
WB-MP Amberlite IRA 93 .61 53-60 1.4 4.2 100
WB-MP Lewatit MP 64 L6-.7 60-65 1.5
WB-MP Imac A 20 S 60 1.5 4.9 65
Remarks: 1) SB = gtrongly basic; WB = weakly basic;
I = type I resin; ITI = type II resin;
G = gel type; MP = macroporous.
2) recommended maximum operating temperature for the hydroxyl
form.
3) concentration active groups related to the polymer volume
ol . ar
CSR + and to the particle volume CgR 13 , calculated
from the experimental data of Table 4.2,
4) valid for the chloride form.
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APPENDIX 3

Overall-enolate model relations

In Figure 5,2 a scheme is given of the kinetic model of the isome-
rization of glucose, fructose and mannose. In this appendix relations
between the overall model and the enolate model will be derived.

The differential equation for glucose within the enolate model is:

dCG—

" 56" %no1” T X6 C6" (I11-1)

The concentration of the enolate ion. ean be calculated from equation
5.14:

k k kM
G F
Chnol” " T - " % tTE S S tTTRS " %M (I11-2)

-J -J -J
Substitution of equations 5.15 and III.2 in equation III.] gives:

-

1 '
T~ kgt G P kgl kgl Oy T ket (111-3)
The differential equation for glucose within the overall model is:

dCG—

ot " ke CF t Me T T RertCeT (I11-4)
Equalization of the equations III.3 and III.4 gives:
] ] 1

L kpg T ek g ke = Ik o5 T okey = kg (1 - k—,c) (IT1-5)

From the differential equations of F , M and De within both models

more relations can be derived at a similar way:
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A 1 L]
ker = Kg'kop kpe = Kpkg e = Yk
] 1 ¥
Ko = kg'ky ke = kprky g = kytkop [(I116)
] | ]
kGDe - kG.k—De k'FDe = kF'k—De . kMDe = kM'krDe
|
1 L} ]
Lker * kc(' - k—c) Lhpy = kF(l - k—F) Llyy = kM(l - k—M)
(I11-7)
In general
1
kpp = kpok_; (111-8)
Z 1
3" kpp =k (1= k) (111-9)
From the equations III-6,8 we can derive for glucose:
k k k Ik
kg = == 22 - (111-10)
kp ky kpe Ikg
In general:
k. = Lk
Ky = AL, e T W (111-11)
k= k 1 -k
-I -De -1
with I= G, F, M; I # I
From equation III-10
Lk
1]
ko= 1 - —33 (11I-12)
-G k
G
From equation III-6:
K CSre v w0 M Ck =Yk (111-13)
6 TR TRy T, De T Rgo e TYeTpe (M
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with

In general:

A s &
-1 k]
1] 1 4
kg =Yk
k1
LZee
IDe

=~
1]
)

=~
1

=~

1
=1 -k, (Y

ST TY AT

Equation III-19 in III-10 gives:

k. = kGDe -k
G J GDe
k
-De
= Kepe Yo * Kor

+ YF + YM + 1)

(III~14)

(III~-15)

(1II-16)

(I1I-17)

(III-18)

(II1-19)

(II1-20)

(ITI-21)

(I11-22)
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ko = 2 kgy ¥ Yokene = T Koy + X
with
k k
GDe GDe
X = =
¢ %Fpe e YDe
In general:
kp = g8 kpp v X
k
-~ IDe
= Yrkpe = ki ' T
i IDe

From the equations III-6 we derive:

Kone  Xou Kepe  Kor
- and P .

k‘FDe ) ﬂ;; kMDe E;;

Substitution in equation ITI-24 gives:

= Fc"¥oe  MwcTMope _ MvoFom _ MweHor

¢ e e “Fu e

From this relation we derive directly the important relation:

K
E§§ ) ;ig -y Ker ¥pmFue = !

ko

(I1I-23)

(III1-24)

(I1I1I-25)

(II1I-26)

(III-27)

(I11-28)

(I1I-29)

We define a third auxiliary constant ZI in terms of only isomeriza-

tion constants (kII).

For glucose:
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2, =k, +k, + k., ° = + +

kGDe Kk kG'F kGM kFG
GDe

¢ GF GHM FG kFDe kGDe kGDe kFDe
= kGDe (YF 4 YM + YG) = kGDe'Z YI (III-30)
In general:
7 = k. L ¥ (I1I-31)

Combining equation III-31 with III-19 gives:

IDe
k_ = = (I1I-32)
De X YI + 1 kIDe + ZI

When the isomerization constants kEI and one degradation constant
1
(e.q. kFDe) is known, directly k—De can be calculated with III-32,

provided that Z_ is calculated with equation III-30 from kEI'

I

The auxiliary comstants X YI and ZI can also be calculated from

I’
data defined within the enolate model., Substituting the equation

III-8 in III-26, III-17 and III-31 gives:

k 1 k .k_ A
Xo= koo o 8 pmae L A Pe oy g (III.33)
LS R S k1
IDe kZek
I -De
. 1] 1]
K Kk Kk
¥, = kEI SRS St S (I1I-34)
e Kok k.
1
1 1= k—De ]
ZI = kIDe % YI = kI'k_De ° '—I('r—-— = kI (1 - k—De) (III—35)
-De

To calculate the degradation constants within the overall model

~

(kIDe II
stant k—De’ equation III-35 is substituted in equation III-8:

) from the isomerization constants k7. and the degradation con-
]



k. = koek =Z_ o ——r ' (1II.36)

In section 5.2.2 a summary of the different relations is given.
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LIST OF SYMBOLS

LATIN SYMBOLS

A peak area
A Debye-Huckel constant kg'5 mol™*?
Ac rest activity catalyst : eq eq_l
B, Debye-Hiickel constant kg‘5 mol "> m !
Ci concentration mol m-3
CNR4+ concentration of sites, related to the vo- I
lume of the pores mol m
C§;ZE concentration of sites, related to the vo- s
lume of the total particle mol m
C§;1+ concentration of sites, related to the vo-
4 lume of the polymer skeleton mol m—3
C;§1+ concentration of sites, related to the vo- s
lume of the solution outside the resin mol m
C;ZO relative water concentration mol mol—1
c; constant (i = 1,2,...)
Cap capacity eq
Cap' specific capacity, related to the wet com-—
pacted weight i eq kg_l
D degradation products (reversible adsorbing)
i diffusion coefficient m2 s_]
De reversible and irreversible adsorbing de-
gradation products
d diameter m
dSite distance between active sites nm .
E activation energy kJ mol
E irreversible adsorbing degradation acids
Enol~ enediol anion intermediate
F fructose
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Ga
Gm
AG
AG
4G

AH

La
Lu

M1l

174

glucose
galactose
galacto mannose (= epilactose)

change of chemical potential

difference of free energy of pure components

excess free energy

signal height

change of enthalpy

hydration number of sugar I
ionic strength

Langmuir adsorption constant

exchange constant

derived exchange constant
Freundlich adsorption constant
Sips adsorption constant
reaction velocity constant

isomerization constant to enolate ion

isomerization constant from enolate ion

relative isomerization constant from enolate

ion

lactose

lactulose

mannose

mannitol

mol weight of component i
molality of component 1
number of particles
auxiliary kinetic constant
pore volume relative to the capacity
stoichiometric coefficient
acidity : pH = 3 - log CH+
Pk,

electrostatic interaction factor

H pKS\= 3 - log KS

average heat of adsorption
auxiliary kinetic constant

stoichiometric coefficient

kJ_mol—
kJ mol_1
kJ mol

kJ mol”

mol kg—1

m~ mol

m~ mol-

30’ -
m mol

maa mol_a

kg mol”
mol kg_l

m3 mol—1
3 -1
m~ eq

kJ mol
-1



pore

gas constant - J mol”
radius of the pores nm
sugar (S = SH + S ): G, F, M, D, La, Lu, Gm,

Gu, S1, Sm

ionized sugar

molecular sugar

sorbitol

mannitel

ratio of total concentration sugar and sites,

both related to the volume outside the resin

change of entropy J mol_1
selectivity

temperature K
change in internal energy kJ mol
volume m3
specific volume, related to the dry weight m3 kg—]
weight kg
auxiliary reaction constant (I = G, F, M) s_]
unknown products

mol fraction mol mol
weight fraction kg kg_]
volume fraction m3 m_3

n
[}
L]
=
=

auxiliary reaction constant (I
unknown products

constant of Yasuda for sugar S
activity coefficient of component i on mola-
rity scale

auxiliary reaction constant (I = G, F, M) s

GREEK SYMBOLS

exponent in the Sips adsorption isotherm
exponent in the Freundlich adsorption iso-
therm

activity coefficient of component i on mola-
lity scale

optimalization criterium

1 K

1

K

1

-1
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8. coverage of component i mol eq_l

uy chemical potential of component i in the solution J mol_l
* : -
e chemical:potential of the pure component J mol !
* -
"4 o chemical potential of pure water J mol !
2 .
2 stoichiometric coefficient
liquid density kg 111_3
¢i osmotic coefficient of component i
SUBSCRIPTS
ads adsorption
AS adsorption of sugar S

diff diffusion

en enolate

eq equilibrium

f filtered

gr gross

Hg mercury pemnetration porosimetric
hyd hydration

1 G, F, M

i G, Fy M, but not I

i component or number

ie ion exchange resin

ion ionization J
J G, ¥, M, D, E

3 G, ¥, M, D, E, but not J

ov overall

P particle (= pore + polymer)

pol polymer

pore pore of

sol solution outside

tot total

we wet compacted
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SUMMARY

Less than 17 of the solar energy that reaches the earth is used for
photosynthesis. Of this only 10% would be required to cover the world's
present day energy demand. These data show the feasibility to use re-—
newable resources like carbohydrates, as alternatives for energy pro-
duction and chemical feedstock,

Starch from cereal crops, maize, potatoes and cassava is converted
for 10% to glucose. Among the sugars, obtained by hydrolysis, glucose
is the most important base material for the chemical industry,

Lactose is prepared in lurge quantities from whey, a by-product in
the manufacture of cheese.

Isomerization of glucose gives fructose and a little mannose. Lac-
tose gives in a similar way lactulose and some epilactose,

A reaction mixture of equal amounts of glucose and fructose, known
as isoglucose or isomerose, has a sweetness and taste comparable with
sucrose (cane- and beet—sugar), which makes it a good alternative for
sucrose in certain applications. The isomerization product lactulose
is used in medicine as a laxans, Isomerization products can also be
used as a feedstock for other processes such as dehydration or hydro-
genation,

The glucose isomerization is catalyzed by alkali and by the enzym
glucose isomerase. For the isomerization of lactose as yet no enzym
is available,

This thesis deals with the kinetics of the heterogeneous alkaline
isomerization with strongly alkaline ion exchangers as a catalyst.

An important prior condition for the experimental conditions was that
the results should also provide useful information in regard to pos-
sible commercial applications,

The homogeneous isomerization is shown to be first order in the
concentration of the sugar anion. This concentration is a function of
the total sugar concentration, the pH and the ionization constant of

the sugar.
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For the heterogeneous isomerization an anion exchanger with hydro-
xyl groups as counter ion is used. When sugar adsorbs,.the different
molecules and ions are more or less randomly distributed over the avail-
able pore volume, either in molecular or in jonic form. Due to the pre-
sence of numerous hydroxyl groups, the adsorbed sugar will generally
be stronger ionized. Just as for the homogeneous reaction it is sup-—
posed that with ion exchangers only the sugar ion isomerizes. In this
thesis the heterogeneous isomerization is described as a pseudo homo-
geneous reaction inside the pores of the ion exchanger.

In order to obtain quick and accurate information on the composi-
tion of reaction samples, much attention has been paid to the analysis
of sugars and sugar acids. The sugars (mono- and disaccharides) were
generally analyzed by ion exchange chromatography, For low conversions
a colorimetric analysis for ketoses has been developed. This system
allows the determination of ketoses quantitatively in the}presence of
a more than 5000 fold excess of aldoses, For the analysis of sugar )
acids igotachophoresis was applied,

When a sugar adsorbs on a strongly basic ion exchangef, the total
" sugar concentration inside the resin is relatively high, To determine
the degree of ionization in such concentration solutions, potentio-
metric titrations have been carried out over a wide range of glucose
concentrations. The ionization can be describéed with an ionization
constant that is independent of the concentration by assuming that at
298 K the glucose molecule is hydrated with 3.5 molecules of water and
that the glucose anion is not hydrated. The influence of the tempera-
ture on the ionization and the hydration is discussed.

For several ion exchangers the quantity of active groups (the ca-—
pacity) is determined by titrating the hydroxyl groups in the resin.
Combination of these results with the measured pore volume of the
resin gives directly the hydroxyl concentration inside a fresh resin.
The adsorption of the different types of sugars on various ion ex-
changers is measured as a function of the external sugar concentration
and the temperature. The ionization and hydration model described
above makes it possible to calculate the concentrations of the various
components inside the resin. The adsorption of sugars on ion exchangers

can be described by an adsorption relation as given by Sips.
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We found in our kinetic study that diffusion can play an important
role. For this reason the intermal diffusion coefficient is measured
for IRA 401 (gel-type) and IRA 938 (macroreticular-type). A mathema-
tical expreésion is derived to calculate this internal diffusion co-
efficient as a function of the temperature, the type of sugar and the
type of resin, .

The interconversion of glucose, fructose and mannose and their de-
gradation reactions are described in the overall model with 6 isomeri-
zation and 3 degradation rate constants., As all these reactions, how-
ever, pass via the same enediol anion intermediate, a kinetic model
based on this enolate mechanism gives a better description: the eno-
late model. The various degradation reactions 6f the overall model are
in the enolate model reduced to one single reaction. Mathematical ex-
pressions are derived to convert rate constants from one model to the
other,

The main aim of this thesis is the determination-to the kinetics
of the reaction system ag a function of the process parameters, in
such a way that it enables us to optimize the selectivity of the pro-
cess. ‘

From our experimental results we can conclude that the isomeriza-
tion of glucose can be described well with the enolate model. This
conclusion is based on the facts that the potential energy level of
the enolate ion as well as the product distribution of the degradation
products are independent of the type of sugar that is used as start-
ing material, The isomerization in the anion exchanger is first order
in the sugar anion concentration and totally independent 6f the con—
centration of molecular sugar or the concentration of hydroxyl ions.

The selectivity of the isomerization increases with decreasing
temperature and increasing sugar or with a decreasing water concen-—
tration, The increase in selectivity of the isomerization with dif-
ferent ion exchangers in the sequence NaOH - Bio—~Rad + IRA 904 - IRA
401 can be ascribed too to a decrease of the water concentration.

The high selectivity, combined with the possibility to influence
the catalytic properties predictable by changing the properties of
the ion exchanger, makes the heterogeneous isomerization in many as-—

pects more attractive than the homogeneous isomerization process.
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SAMENVATTING

Minder dan 1Z van de zonneénergie die de aarde bereikt, wordt daad-
werkelijk door middel van fotosynthese omgézet. Toch zou slechts 107
hiervan al voldoende zijn om het huidige energieverbruik van de wereld
te dekken., Deze getallen geven een indruk van de kwantitatieve ruimte
die er is voor toepassing van gegroeide grondstoffen, zoals koolhy-
draten, als alternatieve energiebron, en a fortiori als grondstof voor
de chemische industrie,

Zetmeel van graan, mais, aardappelen en cassava wordt voor ongeveer
10% omgezet tot glucose, dat van alle door hydrolyse verkregen suikers
de belangrijkste grondstof voor de chemigche industrie is,

Daarnaast wordt lactose in grote hoeveelheden geproduceerd uit wei,
een nevenproduct bij de kaasbereiding. ‘

Igomerisatie van glucose geeft fructose en een beetje mannose,
Lactose geeft in vergelijkbare hoeveelheden lactulose en epilactose,

Een reactiemengsel van gelijke hoeveelheden glucose en fructose,
isoglucose of isomerose genaamd, heeft een vergelijkbare zoetheid als
sucrose (riet- of bietsuiker), Hierdoor is het voor bepaalde toepas—
singen geschikt als alternatief voor sucrose. Het isomerisatieproduct
lactulose wordt in de geneeskunde gebruikt als laxeermiddel, Isomeri-
satieproducten kunnen verder gebruikt worden als uitgangsstoffen voor
andere processen zoals dehydratatie of hydrogenering,

De isomerisatie van glucose kan worden gekatalyseerd door een base
of door het enzym glucose isomerase, Voor de isomerisatie van lactose
is nog geen enzym beschikbaar.

In dit proefschrift wordt de kinetiek van de heterogeen alkalische
isomerisatie met sterk basische ionenwisselaars als katalysator be-
schreven. Een belangrijke randvoorwaarde bij de keuze van de experi-
mentele condities was dat de resultaten ook infarmatie zouden moeten
geven voor eventuele commerciéle toepassingen,

Er wordt verondersteld dat de homogene isomerisatie eerste orde is
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in de suiker iom concentratie. Deze laatste is, behalve van de totale
hoeveelheid suiker, afhankelijk van de pH en de ionisatie konstante
van het betreffende suiker,

Voor de heterogene isomerisatie worden basische ionenwisselaars ge~
bruikt met hydroxyl groepen als tegenion. De geadsorbeerde sguiker is
als molecuul of in de ionvorm min of meer homogeen over het beschik~
bare porievolume verspreid. Door de aanwezigheid van de hydroxyl
groepen zullen de geadsorbeerde suikers in vrij sterke mate geioni-
seerd zijn, Evenals bij de homogene reactie wordt ook bij het gebruik
van ionenwisselaars verondersteld dat alleen het suikerion isomeri-
seert, In dit proefschrift wordt de heterogeen katalytische isomeri~-
satie beschreven als een pseudo homogene reactie in de poriém van de
ionenwisselaar. ’

Om snel en nauwkeurig gegevens te verkrijgen over de samenstelling
van de reactiemonsters, is veel aandacht besteed aan de analyse van
suikers en suikerzuren. De suikers (mono- en disacchariden) werden
meestal vlpeistofchromatografisch geanalyseerd, Voor metingen bij
kleine omzettingen werd een speciale colorimetrische analyse voor ke-
togen ontwikkeld. Deze ketose analyse maakt het mogelijk kwantitatief
ketosen te bepalen in een meer dan 5000-~voudige overmaat aldosen. Voor
de analyse van’suikerzuren werd isotachoforese gebruikt,

Adsorptie van suikers aan sterk basische ionenwisselaars geeft in
de porién relatief sterk geconcentreerde suikeroplossingen. Voor het
bepalen van de ionisatiegraad in deze geconcentreerde oplossingen zijn
over een breed concentratiegebied potentiometrische titraties uitge-
voerd. De ionisatie kan onafhankelijk van de concentratie met een
konstante ionisatie konstante worden beschreven door voor het glucose
molecuul een hydratatiegetal van 3,5 en voor het glucose ion geen hy-
dratatie aan te nemen, De invloed van de temperatuur op de ionisatie
en de hydratatie is eveneens beschreven.

Voor verscheidene ionenwisselaars zijn het aantal aktieve groepen
(de capaciteit) bepaald door de hydroxyl groepen in de wisselaar te
titreren, Uit deze resultaten, gecombineérd met het gemeten porie-
volume, kan de hydroxyl concentratie in de porién van een verse wis-
selaar bepaald worden. De adsorptie van suikers aan diverse wisselaars
is gemeten als functie var de uitwendige suiker concentratie en de

temperatuur. De uitgewerkte ionisatie~ en hydratatietheorie maakt het
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mogelijk de concentraties van de verschillende stoffem in de poriém
te berekenen. De adsorptie van suikers aan ionenwisselaars kan be-
schreven worden met de adsorptie relatie van Sips.

Bij de isomerisatie van suikers kan diffusie een belangrijke rol
spelen, Om deze reden is de inwendige diffusie coéfficient gemeten
voor de ionenwisselaars IRA 401 (gel-type) en IRA 938 (macroporeus-
type). Een wiskundige relatie is ontwikkeld om deze inwendige diffu-
sie coefficient te berekemen als functie van de temperatuur, het type
suiker en het type ionenwisselaar, De isomerisatie van glucose, fruc-
tose en mannose met hun degradatie reacties worden in het zogenaamde
overall model beschreven met 6 isomerisatie en 3 degradatie snelheids-
konstanten, Omdat echter al deze reacties via hetzelfde enolaat ion
verlopen, geeft een model, gebaseerd op dit enolaat mechanisme, een
betere beschrijving: het enolaat model, Er zijn wiskundige relaties
afgeleid om de snelheidskonstanten van het ene model om te rekenen in
het andere.

Het belangrijkste doel van dit proefschrift is om de kinetiek van
het reactiesysteem te bepalen als functie van diverse procesvariabelen
zodat de condities voor een optimale selectiviteit van de reactie
kunnen worden vastgesteld.

Uit onze experimentele resultaten ig gebleken dat de isomerisatie
van glucose goed beschreven kan worden met het enolaat model. Deze
conclusie is gebaseerd op het feit dat zowel het potentiéle energie-
niveau van het gevormde enolaat ion als ook de productverdeling van
de degradatieproducten onafhankelijk zijn van de suiker, die als uit-
gangsmateriaal is gekozen. De isomerisatie in de ionenwisselaar is
eerste orde in de suiker ion concentratie en onafhankelijk van de
concentratie van de moleculaire glucose of de concentratie van de hy-
droxyl ionen.

De selectiviteit van de isomerisatie reactie neemt toe met afnemen-
de temperatuur en toenemende suiker concentratie of afnemende water
concentratie. De toename van de selectiviteit van de isomerisatie voor
de verschillende wisselaars in de volgorde NaOH + Bio-Rad » IRA 904 —+
IRA 401 kan eveneens toegeschreven worden aan een afnemende water
concentratie,

De hoge selectiviteit, gecombineerd met de mogelijkheid om de ka~

talytische eigenschappen voorspelbaar te beinvloeden door de eigen-~
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schappen van de ionenwisselaar te veranderen, maken de heterogeen al-
kalische isomerisatie in vele opzichten aantrekkelijker dan de homo-

gene isomerisatie,
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1.

STELLINGEN

De bewering van Mathlouthi, Luu and Luu dat in sterk geconcen-
treerde waterige suikeroplossingen boven een bepaalde concentratie
de suikermolekulen zich bevrijden van hun oplosmiddel en hierdoor
zuiver water doen ontstaan, is in strijd met de thermodynamica.
Mathloutht, M., Luu, C., Luu, 0.V., Acad. Se. Paris,
T, 289, Nr, 3, 81-84 (1873)

Bij de oxidatie van thiolen met polymeer-—gebonden cobaltporphyrines
als katalysator neemt Rollmann ten onrechte de bijdrage van zure
bijprodukten aan de deaktivering van de katalysgator niet in be-
schouwing.
Rollmarn, L.D., J. Am, Chem. Soc., 87, 2132-2136 (1375)
Sehutten, J,H., Bselen, T.P.M., J, Mol. Catalysis, aan—
geboden voor publikatie

De methode van Dautzenberg et al. naar de bepaling van kinetische
parameters voor de Fischer-Tropsch synthese is, gezien de bevin-
dingen van Madon, aan twijfel onderhevig,

Dautzenberg, F.M., Helle, J.N., van Santen, R.A., Ver—

beek, H., J. of Catal., 50, 8-14 (1977)

Madon, R.J., J. of Catal., 57, 183-188 (1375)

De door Dirkx et al. gegeven relatieve snelheidskonstanten bij de
oxidatie van gluconzuur dienen slechts als gemiddelde waarden tij-
dens de betreffende experimenten te worden beschouwd.
Dirkx, J.M.H., van der Bawt, H.5., van den Broek, M.A.J,
J., Carbohydr. Res., 53, 63-72 (1977)



3.

De door Klinken en van Dongen beschreven verdunningsmethode is een
bruikbare techniek om de kinetiek van een heterogeen gekatalyseer=
de reaktie in een trickle bed reaktor te bestuderen. Indien ook
homogene reakties kunnen optreden dient men echter terdege reke-~
ning te houden met een toename van de invloed van homogene omzet—
tingen met toenemende katalysatorbedverdunning.

van Klinken, J., van Dongen, R.H., Chem. Eng. Sci., 33,

59-66 (1980)

Kumar and Ruckenstein tonen aan dat de ontleding van B:’LZMDZO9
(B~bismuthmolybdaat) naar Bi2M006 (y-vorm) thermisch verloopt.
Het is echter diskutabel of deze thermische reduktie bij aanwezig-
heid van olefinen een belangrijke rol speelt.
Kumar, J., Ruckenstein, E., J. of Solid State Chem., 31,
41-46 (1980)

Katalysatorarchitektuur is erop gericht katalysatoren te maken die
de hoge selektiviteit van enzymen paren aan de grote bestendigheid
der konventionele katalysatoren, waarbij bovendien nog een juiste
positie tussen de grote specifisiteit der eerste en de redelijke
universaliteit der laatste gekozen kan worden.

Projektgroep Katalysatorarchitektuwr THE

Omdat volgens de IUPAC-normeringen een concentratie uitgedrukt
moet worden is mol m-a, verdient het aanbeveling de definitie van
de zuurgraad pH hierbij aan te passen. Een neutrale oplossing
heeft in de nieuwe eenheden een pH van 4.
IUPAC (International Uniom of Pure and Applied Chemi-
stry), Manual of symbole and technology for physico-
chemical quantities and wnits, aangepast op 7 juli 1969;
Pure and Appl. Chem., 21, 1-44 (1970)

De invoering van K (Kelvin) and Pa (Pascal) als maat voor tempera-
tuur en druk kan sterk versneld worden wanneer de fabrikanten van
temperatuur- en drukmeters hun produkten aan de meest recente nor-
meringen zouden asnpassen.

TUPAC, Pure and Appl. Chem., 21, 1-44 (1870)



10. Het uitdrukken van reaktiesnelheidskonstanten voor katalytische

reakties in reciproke seconden verdient meer te worden toegepast.

11, Men dient zich af te vragen wat de motieven van de overheid zijn
om in een regenachtig land als Nederland de niet~kostwinner
slechts bromfietsvergoeding te .geven, terwijl zijn kollega als
kostwinner in aanmerking komt voor autokostenvergoeding wanneer
geen openbaar vervoer aanwezig is tussen woonplaats en stand-
plaats.,

Bezoldiging Burgerlijk Overheidspersoneel; De verplaat—
aingskostenbeachikking 1962, art. 12 en De reig~ en pen—
stionkostenbeschtkking ongelad burgerlijk rijkspersoneal,
par. 3, losbladige uitgave, Samson, Alphen a.d. Rijn

12, Het verdient aanbeveling de proefboringen naar geneeskrachtige
zoutoplossingen (te Nieuwerschans) en de proefboringen naar even~
tuele opslagplaatsen van radioaktief afval in zoutlagen zodanig
op elkaar af te stemmen dat ook op de lange termijn het kuuroord
een positieve bijdrage kan blijven leveren aan de gezondheid van

de baders.

Eindhoven, 2 mei 1980 J.A.W.M. Beenackers



