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Summary

Reviews of molecular weight fractionation based on
solubility difference and of gel permeation chromatography
theories have been made.

Fractional precipitation with ethanol has to be performec
at least twice to obtain clinical dextran, which 1is a poly-
glucose, from an aqueous solution of dextran having a broad
molecular weight distribution. In the first stage the high
molecular weight dextrans precipitate out from the solution
as a syrup. In the second stage the lower molecular weight
dextrans precipitate out from the remaining supernatant
'solution, when the ethanol concentration is increased.

For the economic optimisation of dextran fractions, a
mathematical model has been proposed based on the Boltzmann
equation which predicts the weight percentage dextrans in
each of the two stages of fractionation, the Boltzmann
equation constants C, E and the volume ratios D,F for the
two-phase separation.

The aims of the project were to test this mathematical
model on the laboratory-scale ethanol fractionation of
dextran and also to use it to predict actual plant
fractionations.

In the laboratory-scale ethanol fractionation, the
comparison of results on the first stage between the model
predictions and experimental values are in very good agree-
ment. On the second stage there is an offset present between
the two comparable sets of results over the entire experi-
mental range of values. The model predicts values that are
approximately 10 Wt% higher than the experimental values.

A similar pattern to that in the laboratory was found
to exist between the two sets of results obtained for the
plant fractionations of dextran.

The precipitation of dextran molecules on an industrial-
scale was also studied and it was found that the current
settling times were inadequate.

It is shown that a company producing 100 batches per
annum could increase its cash flow by £200,000 per annum by
using the model to predict plant fractionations.

Key Words: Gel Permeation Chromatography, Fractionation,
‘ Molecular Weight Distribution, Precipitation,
Dextran.
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CHAPTER ONE

INTRODUCTION




1.0 INTRODUCTION

1.1 DEXTRAN AND ITS USES

The first chemical studies on dextrans were made about
a hundred years ago, when it was found that slimes of
microbial origin caused much trouble in the sugar industries.
In 1874 Scheibler (1,2) found that complete acid hydrolysis
of dextrans yielded only glucose and determined its
empirical formula as (CGHlOOS)n' The name was proposed
because of the optical dextrorotation found with dextrans.
Dextran is a generic name for polymers of glucose in which
at least 60% of the glucosidic bonds are of the a-1,6
type.

Dextran is used in the field of medicine as (i) a
blood volume restorer, and (ii) for the production of
iron dextran, which is used in the treatment of anaemia
(3;4).

It was in the 1940's that Ingelman and Grdhwall first
pioneered the clinical use of dextran as a plasma volume
expander. Dextran solution made to a carefully designed
specification is used in place of plasma to restore blood
volume. In 1947.a 6% solution of dextran with a weight
average molecular wgight of 70,000, dextran 70, was
introduced as a plasma substitute under the trade name
Macrodex. A 10% solution of dextran with a weight
average molecular weight of 40,000 (dextran 40, Rheomacrodex),
was introduced in 1961 which temporarily expands plasma
volume, but the main purpose of this product is to reduce

blood viscosity and assist blood flow (1,5).
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Another dextran fraction of lower molecular weight
(2,0CC-3,000) is also in use. This is dried thoroughly,
converted by chlorsulphonic acid to the sulphate and
isolated as the sodium salt which has heparin-like
anticoagulant activity.

Dextran solutions have three main advantages:

1. Because of their method of manufacture they are virus
free, whereas the use of natural plasma for restoring
blood volume entails somevrisk from virus and other
infections.

2. Infusion of natural plasma adds some blood components
but dextran solutions add only the polymer with glucose
or sodium chloride.

3. The life of 6% solution is probably as long as that
of the container in which it is stored. (This is an
important property for a substance stock-piled by
many governments for use in the event of a national
disaster). Maycock and Ricketts (6) reported that
~dextrans made in 1954 had remained stable when

tested .after 10 years.

1.2 INDUSTRIAL MANUFACTURE OF DEXTRAN

Many different micro-organisms can produce dextrans,
which often give rise to substances with differing chemical
and physical properties (68). Nevertheless, they are
all polyglucoses of high molecular weight.

The coccus, Leuconostoc mesenteroides, is the most

commonly used micro-organism for the commercial production
of dextran. Of the many different strains of micro-organism,

-2-



the Leuconostoc mesenteroides BS512 strain is used for
production of clinical dextran because of the minimum
number of side chains, that is «-1,3 linkages, and thus a
high degree of linearity with about 95% a-1,6 linkages
(Fig.1.2.1), that means less side effects. Most of the side
chains are more than one glucose unit long.

The Leuconostoc mesenteroides BS512 bacteria has the
ability to convert sucrose to dextran. The synthesis
proceeds by the transfer of glucosyl groups from the sucrose
to the growing dextran chain, where they are linked by
a-1,6 linkages. Hehre (7) showed that the reaction obeyed

the equation stoichiometrically:

n.Sucrose —> (Glucose Units)n + n.Fructose
dextran

As far as 1is known, only the glucose part of sucrose
appears in dextran. Part of the frucfose is consumed by
the organism, and a large part appears as a by-product.
Dextran cannot be produced from glucose alone or from

mixtures of glucose and fructose; sucrose is necessary.

Dextran, as produced by the bacterium, is called
"native dextran'" (Fig.1l.2.2) and it cannot be used directly
as a plasma expénder. Molecular weight of native dextran
ranges from several million to several hundred million,
‘whereas material for use as an expander (clinical dextran)
must have a narrow molecular weight distribution, hereafter
referred to as MWD, because material with too small a

molecular weight is rapidly lost from the circulation and

is therefore ineffective and material with too high a

molecular weight can interfere with normal coagulation



Fig. 1.2.1 Partial Structure of Dextran from
L.Mesenteroides B512




Fig. 1.2.2 Industrial Manufacture of Dextran
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processes of the blood.

This native dextran is subjected to partial acid
hydrolysis to split the higher molecular weight material
into smaller fragments. Clinical dextran is separated
from the hydrolysate by performing fractional precipitation
with ethanol at least twice (Fig.1.2.3). Addition of
ethanol to an aqueous solution of dextran results in the
precipitation of the largest molecules first, the smaller
molecules being precipitated when the ethanol concentration
1s increased. The clinical dextran after being spray-dried

is then ready for storage (8-21).



Fig. 1.2.3 C(Clinical Dextran Separation from the Hydrolysate
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2.0 AIMS OF THE PROJECT

Fractional precipitation with ethanol has to be per-
formed at least twice for obtaining clinical dextrans
froﬁ dextran syrup I, (See Fig.2.l). = In the first stage
the high molecular weight dextrans precipitate out from
the solution as a syrup. A sample of the dextrans remaining
in the solution (supernatant) is then examined by Gel
Permeation Chromatography (GPC), to check whether the MWD
is that required to proceed for the manufacture of
clinical dextran. If this is not the case, the alcohol
concentration is changed by addition of either alcohol
~or water and the process repeated until the MWD of dextran
in the solution as measured by GPC is satisfactory. The
same procedure is carried out for precipitating the lower
molecular weights.

It can.clearly be seen that the above process is a
trial and error method, it also relies on the judgement
of a skilled analyst to interpret the chromatographic data
and decide when it is justifiable to proceed to the next
fractionation. Often more ethanol is used for precipi-
tation than necessary, so that repetition is avoided (this
is obviously not economical due to the high cost of ethanol),
and also the yield of clinical dextrans is lowered by use
of excess ethanol. Another disadvantage is that the MWD's
at each stage of the fractionation process have to be
determined before the next stage can be started.

For the economic optimisation of dextran fractions,
a mathematical model has been proposed by Gibbs (22) which

predicts the weight percentage (Wt %) dextrans in each
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stage of the fractionation and ratios of the volumes for the

two-phase separation. The objective of this project was

to test this model and use it to predict actual plant

fractionations. The model requires only the starting MWD
of dextran prior to fractionation measured by GPC and the
target MWD of clinical dextran, the latter is known from
previous fractionations in which the MWD of clinical
dextrans has been measured by GPC.

The use of this mathematical model to simulate the
fractionation process would have several advantages:

1. It would remove the need for judgement in deciding
how to adjust the fractionation if the MWD by GPC
is different to that required.

2. It may remove the requirement to determine the MWD
at each stage of the fractionation.

3. It would enable the existing methods of fractionations
to be optimised to give the narrowest MWD for the
minimum cost.

4. It would enable new methods of fractionation to be
investigated, to examine whether yields can be
improved and ethanol usage reduced, whilst the

molecular weight and MWD remained unchanged.
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3.0 LITERATURE SURVEY

3.1 MOLECULAR WEIGHT FRACTIONATION BASED ON SOLUBILITY

DIFFERENCES

A polymer is a compound each molecule of which is
formed (except for end groups) of a given number of
structural units closely related to the molecules of the
monomer (or monomers). from which the polymer is derived.
It has, therefore, like other covalent compounds, a
molecular weight; if its molecular weight is very large,
it 1s a "high" polymer. Many high-polymeric substances
are known, and as a class they are of great and increasing
importance; yet high polymers in pure form are not known.
Both the natural and synthetic high-polymeric substances
are mixtures; individual molecules may differ in size |
(i.e. in the number of repeating units, or, as it is often
called, the degree of polymerisation), in shape (i.e. in
the degree of branching or cross-linking), and even in
chemical composition.

High-polymeric systems may, however, be homogeneous
in all respects but molecular size. The term "homologous
polymeric series' had been introduced in the late 1930's

for a series of linear (unbranched) polymers whose members

differed in the degree of polymerisation but not in chemical

composition. Many high-polymeric substances are found
to be mixtures of members of such homologous polymeric
series.

The fact that high polymers are heterogeneous is of
tremendous importance; to their very heterogeneity they

owe many of the properties that make them so interesting
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and useful. But it is important to realise that, being non-

uniform, they are infinitely variable. The MWD of a high
polymer, for example, may vary from sample to sample; with
natural products it depends on the source of the material,
with synthetics on the method of preparation, and with both
on previous treatment such as purification, bleaching (of
cellulose), or milling (of rubber).

If a polymer is ideally monodisperse, the polydis-
persity (a measure of the breadth of a MWD) is unity.

This value increases as the polydispersity increases.
Of course, for a fixed polydispersity, there can be an
infinite number of different types of MWD's (103).

Fractionation is carried out to reduce the poly-
dispersity of high polymers, either for the purpose of
evalﬁating the degree of polydispersity or for the
preparation of samples of reduced polydispersity. The
usual procedures for polymer fractionation involve the
distribution of the polymer molecules between two phases.
Fractionation results because of differences in the
distribution for the molecules of different sizes or
structures.

Fractional precipitation, which is now the most
widely used fractionation method, was at first used for
the purpose of purification and only later for the
separation of fractions.

Fractional solution methods, although claimed by
some to be superior to precipitation, have never come into
such wide use.

Other methods such as those involving ultracentrifugation
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or chromatographic adsorption have been used, but they are

of much less general applicability. The ultracentrifuge

has been shown to be well suited to analytical determina-
tion of hetrogeneity, but cost and complexity have limited
its usé.

The solubility methods for fractionating heterogeneous
high-polymeric substances depend on the greater solubility
in a given liquid of the lower-molecular weight species,

and on the fact that the solvent power of a binary liquid

mixture (of solvent and non-solvent) depends on the

proportion of the two liquid components. If a non-solvent

(also often called the precipitant) is added to a polymer-
solvent system, as in fractional precipitation, or a polymer
“f‘is added to a solvent - non solvent mixture, as in fractional
solution, two phases are obtained at equilibrium, if the
proportions of the components are properly adjusted. The
~ upper layer 1is a solution in which the polymer is present
in low concentration; the lower layer, or 'precipitated"

phase, is either a swollen gel or a very viscous liquid,

~and contains a high proportion of the polymer. The material
. of higher molecular weight tends to concentrate in the
{’precipitated phase (or the syrup phase), that of lower
‘;’molecular weight in the supernatant liquid.

One of the earliest theories of solubility fractiona-
- tion was that of Bronsted (102). He suggested that the
  distribution of large polymers between two phases would be
determined almost entirely by the difference of potential
energy between them. The less mobile large molecules

collecting in the phase with the lower potential energy
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(the precipitated phase), the smaller and more mobile ones

in the supernatant liquid. At equilibrium, a relationship

between the concentration ratio and difference of poten-

tial energy can be expressed as follows:

C

b
E

where C1 and C2 are the concentrations in the bottom and

top phases respectively, E is the difference in potential

energy, T the temperature, K the'Boltzmann’s constant.
Bronsted assumed that the difference in potential

energy was proportional to the molecular weight (M) of

the polymer. He suggested the following equation:

TLl= exp(R) e 3.1.2

T T |
where A is a constant characteristic of the solvent-
polymer system but indépendent of M. If M is large it is
readily seen that the ratio Ci/C2 may assume extreme values.
Considering X as continudusly variable along a series of
liquids, it is cleér that, as X decreases through zero
and becomes negative, the distribution undergoes a sudden

change of character. With A>0, Cl/CZ + o and the liquid

is practitally a non—solVent; with A<0, Cl/CZ -~ 0, and the
liquid is a perfect solvent.

Schulz (101,104,105) developed these ideas further
by assuming that in the case of biﬁary liquid mixtures A
is a linear function of the liquid composition and showed

that the equation

adequately expresses the relaticnship between y*, the

-14-




""critical" liquid composition at the precipitation point,

and the molecular weight, M, of the polymer; A and B

are empirical constants. He also applied the theory to

heterogeneous polymers, using a rather arbitrary modification

of equation 3.1.2, and concluded that the efficiency of
fractionation is improved by keeping the concentration of
polymer in the supernatant phase as low as possible.

The Bronsted-Schulz theory was remarkably successful
in predicting the solubility behaviour of several high-
polymer solutions. However, it was soon suspected that
the entropy of mixing of polymer and solvent molecules
was a factor of importance, which was ignored by Bronsted
and Schulz assuming that the free energy changes‘were
determined entirely by the heat term.

‘The free energy relations of high polymer solutions
were first calculated independently by Flory (112,116)
and Huggins (113) for the case of a homogeneous chain
polymer of uniform molecular weight in a single uniform
solvent. In practice, however, one 1s never dealing‘with
a polymer,éample in which all the molecules have the same
molecular weight, but rather with a mixture of molecular
welghts, forming a virtually continuous distribution. 1If,
on the other hand, one intends to extend the treatment of
such solutions to the problems of fractionation and
precipitation it is of interest to extend the treatment
to a solvent medium consisting of a mixture of two pure
solvents.

Scott and Magat (114,115) extended the theory to the

above two cases and also gave a thermodynamic treatment

-15-



of solubility, fractionation and precipitation. They found

that the partial molal free energies of mixing of a

heterogeneous polymer in a mixture of solvent may be

represented as:

—_— 1 : 2
AGl = RT{ln(l—VZ) + V2(1—§;) + pVZ} ........ 3.1.4

Kﬁl = partial molal free energy of mixing of the solvent
= gas constant

='absolute temperature

= volume ffaétidnbof all pol?mer molecules

= number average molecular size (o weight)

! = constant for any given syétem, cbnsisting of the
heat of mixing and a term from the entropy

(polymer/solvent interaction parameter)

7. = RT{InV, - (x-1) + V,x(1-=%) + ux(1-V.)%} .. 3.1.5
1 i 2 Xp 2

where

]

partial molal free energy of mixing of the ith

fraction of the polymer

volume fraction of the ith fraction (V2=ZVi)

the ratio of the molecular volume of the polymer

e
it

molecule of molecular‘weight Mi and the molecular

volume of the solvent V. or x=Mi/pV

1 1°
If p; the density of the polymer is considered

as indepéndent of the chain length, then x is,
for any given solvent, directly proportional to

and therefore a measure of the molecular weight.
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The solubility at any other point than the critical

may be determined by use of the condition for equilibrium
between the two phases - namely, that the partial molal
free energy of each constituent is the same in both phases;
Using primes to signify quantitieé referring to the
precipitated phase, the conditions for equilibrium can

be expressed as follows:

1
AGl = AGl ................................... 3.1.6
— —t
AGi = A R R R R R 3.1.7
Substituting from equations 3.1.4 and 3.1.5 gives
1 2 _ - LI | 12 <
In(1-V,)+V, (1-—)+uV5 = In(1-V,)+V,(1-=—.)+uV 3.1.8
2 2 % 2 2 2 3T 2
‘I n

1 2 _ ' ! 1
ani—(x—l)+V2x(1—§;)+ux(l—V2) = ani-(x~1)+VZx(l—§;')

+ux(1—Vé)2 ......... 3.1.9

Equation 3.1.9 can be written as

1

V.
B o P 3.1.10
Vi
where |
1 1 1 2 ' 2
o = Vz(l—ig) - V2(1-§; ) + u{(l—Vz) ‘(1-V2) oo, 3.1.11

The above equations were also obtained by Flory (117).
Equation 3.1.10 was simplified further by Scott (115) by
solving for 1n(Vi/Vi) and substituting from equation 3.1.8,

the following expression is obtained.

t
1n(¥i) = x{2u(V,-V,) - In(32Y2

i l-Vé

) 3.1.12
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where

1-V7 '

T
1~V2

These equations were also reported by Sayre (118).

t
A = Zu(VZ-Vz) - 1In(

The constants o and A from equations 3.1.10 and 3.1.13
respectively are obviously identical. These equations
were first proposed theoretically for a polymer-single
solvent system but they were found to be also applicable
to a polYmer—so1vent-nonsolvent system (119).

For a homogeneous polymer the partial molal free

energies may be represented as (120):

el ‘ 1 2 .
AGl = RT{ln(l—Vz) + Vz(l-i) + UVZ} ........... 3.1.15

which differs from equation 3.1.4 only in the replacement

of X, by x. The partial molal free”energy of the polymer
(N.B. not the ith fraction as in the heterogeneous case)
1s represented as:

— 2

where

KEZ = partial molal free energy of mixing of the polymer.
It is interesting to notice that equation 3.1.5 reduces
to the hdmogeneous polymer eqUation 3.1.16 when
V. =V, and X = x.
i 2 n
As before the conditions for equilibrium can be

expressed as follows:

AG, = AG

&
]

[
(]
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the precipitated phase quantities are signified by the

primes. Substituting from equations 3.1.15 and 3.1.16
gives:

1 2 1,
1n(1-V,) +V, (1-3) +uv5 = ln(l—Vé)+Vé(l—§)+uVéZ ....... 3.1.19

10V, - (x-1) (1-V,) +ux(1-V,) 2 = 1nV}-(x-1) (1-V}) +ux(1-V) 2
...................... 3.1.20

Solving for ln(Vé/VZ) and substituting from equation

3.1.19, the following expression is obtained:
Inv2 = x{2u(Vy-V,) - 1n(1 VZ)} .............. 3.1.21

the right hand side of the above equation is identical

. with equation 3.1.12 which was derived for a heterogeneous
polymer. The only difference in other words is in the

left hand side of the equations, for a homogeneous polymer

it is expressed by the voiume fraction of all polymer

molecules (VZ),‘ﬁhereas for a heterogeneous polymer 1t is

éxpressed by the volume fraction of the ith fraction (Vi).
Kamide and his collaborators (121-126).have studied

the successive precipitational, solutional fractionation

(SPF & SSF) of macromolecules on the basis of the Flory-
Huggins solution theory. The authors have extensively
develdpedia simulative technidue for the investigation

of the effects of the fractionation conditions, such as

the size of the fraction and the initial concentration

and of the analytical procedures for evaluatihg the size
distribution in the original polymer from the fractionation

data.

The Flory-Huggins theory assumes that the polymer/

solvent interaction parameter, u, is only a function of
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temperature and independent of the concentration. Contrary

to this assumption, the value of u obtained from the
experiments'often depends considerably on the concentration,
as suggested by Kamide and co-workers. An attempt has been
made to examine the effect of the concentration dependence
of u on phase separation of polydisperéé polymers in a
Single solvent by Kamide et al (121—124).

According to Kamide et al the polymef/solvent
interaction parameter, u, 1is related to fhe volume fraction

of the polymer (VZ) by the expression:

where

a constant

=
U

a parameter representing concentration dependence

g
#

of u

The equations 3.1.4 and 3.1.5 should now be written

’ 1 2 '
= RT{1n(1-V,) + v2(1-§;) £ u (LpVIVEE L.l 3.1.23
3C. = RT{1nV.-(x-1)+V,x(1-==) +1_x(1-V.) “+u px(0.5-1.5V2+V>)}
i i 22 % o 27 THGPELE.Sm L0V Y
...................... 3.1.24

Repeating the process of equations 3.1.6 and 3.1.7

for thermodynamic equilibrium gives:

1 .
10 TL) = 0K et 3.1.25

Vi
where ¢ is the partition coefficient given by:
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1 ! 1 ' 2 12 3 '3 2 ,'2
VZCI";(;) "Vz(l"‘g) +UO{2(V2"V2>+VZ-V2 }+uop{V2"’V2 ‘l. SCVZ—VZ )}
cerecsecaase. 3.1.26

By taking p as zero, from equation 3.1.22 it can be
seen that M= s eduations 3.1.23 and 3.1.24 therefore
reduce to the cdrresponding well-known equations 3.1.4
and 3.1.5 in which the concentration dependence of u was
éompletely ignored.

The simulation results of Kamide et al (122-124)
agreed well with the eXpefimehtal results provided the
concentration dependence of the thermodynamic interaction

parameter in the theory of Flory-Huggins was taken into

consideration. It should be however noted that the
experimental normalised MWD curves ofrthe fractions
separated by SPF & SSF did‘not agree very well with the
theoretical curves, see Pig.ZO.(lZZ) and Fig.3.(123).

Kamide et al (122) showed that the partition coef-
ficient o depeﬁded slightly on molecular weight. The
authors then introduced the concept of molecular weight
and concentration—dependencé of the polymer/solvent

thermodynamic interaction'parameter to the previous

theory. In this theory the interaction parameter 1is

expressed by:

W= u  (I+k/X) (1+pV)) veneiniinat e .. 3.1.27
where

a constant independent of both polymer molecular

weight and concentration

the molecular weight dependence coefficients
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As before when the two phases are in thermodynamic

equilibrium the following expression is obtained:

P . .
1n(¥i e 0K e 3.1.28

i
which is similar to equation 3.1.25 except that o is a

much more complicated parameter expressed as:

I | k 2 2.3

Vo (1=a=) =V, (1-=m ) +u { (1+=5) {(1-V .5-1.5Vi+v
2( Xn) Z(l Xn‘ ) UOO{(I“'XH){( 2) +p (0.5 2t 2)}

k ' 12,13 11 2

—(1+§;,){(l—V2)2+p(O.5-l.SV22+VZ )}+k(§—§;){(1—V2)+O.Sp(l—V2)}
) 1
L %L,){(I-Vé)+0.5p(l—VZZ)}} e, 3.1.29
I

By putting k=0 we obtaih ihe previously derived
equation 3.1.26. Kamide et al (125) concluded that the
molecular weight dependence of the u~parémeter has only

a minor effect when compared with its concentration
dependence, on the phase—separation phenomenon of polymer
solutions.

Breitenbach and Wolf (127) derived thevequation:
!
Vi ) <
In(CL) = InB1+ B2 veeeerinnennn. e 3.1.30
i
Comparison of equation 3.1.28 with 3.1.30 leads to:

G = B2+ (ImB1)/X tiveriiiinnniiiiinnnnnnennnn 3.1.31

this equation 1is pfincipally equlvalent to equation 3.1.29.
It must however be mentioned that the solubility
equations of these authors have one common characteristic,

in that the solubility is proportional to the exponent
of molecular weight. |
In the field of biochemistry and physiology Albertsson

(106-109) has studied the distribution of biological

macromolecules and cell particles between the two phases
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in mixed polymer systems. Pér the phase system of dextran,
methylcellulose and water, Albertsson (108) showed that
the distribution of protein particles approximately followed
the Bronsted relation (equation 3.1.2), in the version
where the particle surface area was introduced instead of
the molecular weight. It was also pointed out by Bronsted
(102) that for large particles, é.g. of cellular dimensions,
the molecular weight in the formula should then be replaced
by the surface area of the particles.

Albertsson found good agreement with theory for
globuiar proteins, the logarithm of the CI/C2 value being

approximately proportional to molecular weight raised to

. ~the two-third power, which in turn is approximately

proportional to the surface area of the molecules when the
molecular weight in the Bronsted.relationship was replaced
by the .surface area of the molecules (108). The above
relationship between molecular weight and surface area

was also obtéined by Pharmacia Fine Chemicals (111); they
found that for globular proteins the Stokes'radius (r)

was related to the molecular weighi (M) by the following
expression:

r = 0.4898 MO-378 L. 3.1.32

which would therefore make the surface area approximately
0.756

proportional to M . For dextran the Stokes'radius
was given by:
r = 0.265 048 L. e eeeiaee.. 301033




If dextran was to be assumed global (in fact they
randomly coiled in solution) then the surface area would

0.96 (i.e. make little

be approximately proportional to M
change if the molecular weight was replaced by the surface
area).

Frick and Lif (110) found that DNA of different
molecular weights prepared from Escherichia :coli distribute
in agreement with the Bronsted relationship between the

phases of a sodium dextran sulfate-methylcellulose aqueous

system.

3.2 TFRACTIONATION METHODS

Many methods have been used for the fractionation of
high-polymeric substances, but some are much more generally
useful than others.

Some of the methods available are:

1. Solubility Methods

(a) Fractional Precipitation

This is where the heterogeneous polymer is completely
~dissolved in a suitable liquid and then partially "preci-
pitated'". The precipitated phase, which contains the high-
molecular-weight fréction, and the supernatant solution

are separated. The procedure is repeated to precipitate
more of the polymer.

There are two principal ways in which precipitation
can be effected and these will be considered separately:
(i) by adding a précipitant (non-solvent) isothermally;
(ii) by lowering the temperature, keeping the total

composition constant. A combination of the two can, of
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course, be used.

(1) Fractional Precipitation by the Addition of a Precipitant

In this method fractionation is effected by adding to
a solution of the polymer a suitable amount of precipitant,
enough to cause separation into two phases, but not enough
to cause precipitation of all the polymer present; the
phases are then separated, and the procedure repeated with
the supernatant liquid, until all the polymer has been
precipitated (material of very low molecular weight may
remain in solution even when excess precipitant has been
added, but the amount is usually not large).

Dextran is fractionated by this method, the precipitant
 most often used is ethanol although methanol and acetone
have been used before in industry. Ethanol is favoured
because of the poisoﬁous property of methanol and high
volatility of acetone (3,15-17,20).

(ii) Fractional Precipitation by Cooling

The precipitation point of a polymer-solvent-precipitant
system depends very markedly on the temperature; rather
careful control of temperature during a fractional
‘precipitation is therefore necessary. This temperature
dependence of solubility is used in carrying out fractionations.

(b) Fractional Solution

In this method the polymer is placed in contact with
a solvent-non-solvent mixture, and the system is allowed
to come to equilibrium; after the supernatant solution is
separated, the residue is treated with a fresh mixture,
richer in solvent than the first, this process is repeated

until the polymer has all dissolved, or until no more will
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dissolve. In this way the low-molecular fractions are

extracted first, the high-molecular ones last.

(c) Distribution between two Immiscible Solvents

In precipitation and solution methods, the solvent
and nqn—solvent are completely miscible; only the presence
of a polymer (in amounts above the critical value) causes
a separation into two phases. It is also possible, however,
to use a solvent system which is heterogeneous even in
the absence of the polymer. The distribution of the polymer
molecules in such a system depends on molecular weight,
a fractionation can, therefore, be accomplished by varying
the composition of one of the phases.

2. Chromatographic Fractionation

Barker and co-workers (33,37,45-48) have been inves-
tigating the fractionation of dextran hydrolysate using
GPC for the last ten years in association with Fisons
Pharmaceutical Division, Holmes Chapel.

GPC ié a form of liquid chromatography based on the
unique properties of the gels (porous silica, agarose,
etc) for separating polymers, primarily on the basis of
molecular size. Since dextran molecules are of different .
sizes; GPC is therefore useful for fractionating dextran.

3. Ultrafiltration (UF)

It is often possible to separate particles of different
sizes by ultrafiltration through carefully graded membranes.
This separation is based on a sieving action; ideally the
pore sizes are chosen in such a way that particles up to

certain size can pass, but larger ones cannot.
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Vlachogiannis (37,128) used ultrafiltration to remove

some of the silica present in the dextran solutions

(introduced initially because of the dissolution of the
chromatographic packing). It was found that ultrafiltration
was not only useful in removing silica but could also be
used for the fractionation and concentration of dextran
solutions. To meet clinical requirements any remaining
silica was successfully removed by appropriate iqn exchange
media.

4. Combined GPC, UF and Ion Exchange to Fractionate and

Concentrate Dextran Polymer Solutions

Alsop et al (129) studied the possibility of a new
Hﬁ_process to produce clinical dextran 40 from dextran
ff‘hydrolysate.

The process was one that combined GPC for removing the

ﬁf very high molecular weight dextran, ultrafiltration to

f 'remoVe the very low molecular weight dextran, concentrate

the dextran solution and to remove most of the silica

present in the final product. Finally to produce a silica-
~ free dextran product a mixed bed ion exchange cartridge
7f,was used.

The final product of this process was within the British

Pharmacopoeia specification. More than 85% of the material
 had a molecular weight between 12,000 and 98,000 daltons and
 the amount of silica present in the final product was

 f negligible.




3.3 ANALYTICAL GEL PERMEATION CHROMATOGRAPHY

3.3.1 INTRODUCTION TO GEL PERMEATION CHROMATOGRAPHY

Gel permeation chromatography was first introduced
by Moocre (23) in 1964, as a techniQue for separating
synthetic polymers Soluble in organic solvents. With this
event conventional GPC was born. It Was immediately
recognised that, with proper calibration, GPC was capable
of providing molecular weight and MWD information for
synthetic polymers. Since these quantities were difficult
to obtain by other methods (i;é. light-scattering, ultra-

centrifugation, osmometry and functional group analysis)

~ GPC came rapidly into extensive use (24). GPC has grown
at a fast rate both in technical sophistication and in

~ the scope of application when it was made practical around

  _1964. It has now gained a key position in polymer chemistry.
GPC 1s the newest of the four modes of elution

fﬁ chromatography (i.e. liquid-liquid, liquid-solid, ion

“%'exchange and gel chromatography) and it has been stated

to be the easiest to use and to understand (25).

GPC is a form of liquid chromatography where solute

réimolecules are retarded by their ability to permeate into
,%che solvent-filled pores of the packing material. Thus

ff GPC is really a special case of liquid chromatography.

 The separation is found to be dependeht on molecular size,
i;[although other more complex physical effects may also be

 involved to an extent dictated by the nature of the gel

System employed and the system of solutes under investiga-
tion. Such effects are undesirable and can often, but

not always, be minimised by careful design of the
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chromatographic system used. Speculation as to the exact

mechanism involved in GPC has led to various alternative
names, e.g. gel chromatography, gel filtration, exclusion
chromatography, molecular sieve chromatography and restricted

diffusion chromatography.

3.3.2 THE PRINCIPLE OF GEL PERMEATION CHROMATOGRAPHY

Basically, any soluble molecules can be separated by
GPC, small ones of less than 100 molecular weight as well

as large ones of several millions molecular weight.

The separation is usually carried out on columns that

- are tightly packed with a gel or some other pordus material
(stationary phase) of variable pore size and completely

; filled with solvent. The same solvent 1is ﬁsed to dissolve

ﬁkithe sample before introducing it into the column and also

\f for elution (mobile phase or eluent).

” The mobile phase flows through the interstitial

;lregions and the solute molecules travel only through the

rcolumn’when they are in these regions. Solute molecules

permeating into the pores are retarded, and the more time

_ molecules spend in the pores,. the more they are retarded.

Large molecules which are completely excluded are thus
eluted first, and small molecules which can penetrate the
pores freely are eluted last.

A species is eluted at a volume equal to the volume
L;available to it in the column. For large, completely
excluded molecules, the elution volume Vp 1is equal to the
void volumeAVO and for small molecules which can completely

penetrate all pores of the gel it is equal to the total
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liquid volume Vt of the column, i.e. equal to the sum of

VO and the internal (pore) volume Vi’ For intermediate

molecules the elution volume is dependent on the pore volume

accessible to.the species, V.

.. and 1s given by:
iAcc d e Y

VR = VO + Kdvi . R O |

where Kd is the distribution coefficient, that is defined

as:
K Vidcc  ......... e 3.3.2
d V.
i
Alternatively, Equation 3.3.1 may be written:
VR = VO + Kd(Vt-VO) .f......'..‘ .......... 3.3.3

The values of Kq for GPC should ideally be equal to or

. between O and 1.

Equation 3.3.1 is illustrated schematically in Fig.3.3.1.
The height of an equivalent theoretical plate (HETP)

 and the number of theoretical plates in a column (N) are

parameters widely used in chromatography to describe the
efficiency of a column. There are several methods available
~ for measuring N defined as Vﬁ/oz. Calculation of o? is too
tedious for hand calculation and usually is best done by

__ computer. However, if the peaks are symmetrical and close

to Gaussian shape N can be expressed in variables that are

~ more easily measured experimentally. The most commonly

used approximations are:
N o= 160 R) 2 e . 3.3.4
Wb

where Wb is the baseline width formed by tangents of the

peak intersecting the baseline (approximately 4o0) .




5.3.1

Illustration of the GPC Fractionation Process
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N o = 5.54(SR) % 3.3.4.a

where W; 1s the peak width at one-half the peak height
2

(see Fig.3.3.2
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 where L is the length of the packed column.
Another widely used parameter to describe the condition
of a column is the asymmetry factor. The asymmetry factor
(AS) of a column is calculated by one-tenth the peak

height (see Fig.3.3.2.a)..

Giddings (26) developed an expression to give the
_flapproximate number of peaks, ¢, that may be resolved on a

”j‘column as a function of N:

1
O = 1 + 0.2N2 ottt i i ittt c e 3.3.7

 3.3.3COLUMN PACKINGS
If optimum results are to be obtained, it is essential
that properly designed columns of suitable dimensions are

used, and the columns to be packed with the most suitable

kr; packing available.
The heart of the GPC instrument is the column bed, since

. it is within the column that the separation takes place.

Y?'A variety of porous packing materials are available for
G,

- The packings can be classified by the rigidity of the

material: rigid, semi-rigid and soft gels, or they can be
divided according to the material from which they are

made: organic and inorganic. gels. Analytical GPC gels
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have particle diameters in the range 5-40 um, larger

diameter particle packings are used for preparative GPC

and large scale equipment.

I) Conventional Organic-Based Packings

,'f (a) Soft Gels (Aerogels)

Cross-Linked Dextran Gels - Sephadex was the first gel

wjz;available commercially. Now it is marketed by Pharmacia
?"'Fine Chemicals in eight different pore sizes ranging from
A'ZO to 300 um, the maximum molecular weight exclusion 1limit
is around 200,000 daltons. Sephadex has a high content of
hydroxyl groups, the beads therefore swell considerably in
~ water. The gels are stable in the pH range 2-10, the column

S-ISXIOS N/m2 because of

ﬁi'inlet pressure is limited to 10x10
f‘ their relative softness, therefore low flowfates have to
be employed. It is used to fractionate polysaccharides
(27,28).

Enzacryl Gels - Cross-linked gels of poly(acryloyl-

morpholines), have the interesting property of being
compatible with both aqueous and organic phases. However,
in aqueous mobile phases, the gels are soft and low flow-
rates must be used. In aqueous GPC, applications have
included polyethylene glycols, oligometric diols and
polysaccharides (29). The exclusion limit of these gels
is up to 100,000 daltons, they are marketed by Koch-Light
Labs. Ltd.

Sephacryl” - Pharmacia Fine Chemicals, the makers of
Sephadex gels, introduced a new type of hydrophobic
polysaccharide gel Sephacryl S-200 superfine. This gel

is prepared by covalently cross-linking allyl dextran with
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~ N,N'-methylenebisacrylamide. Higher flowrates can be
employed because of its rigidity compared to Sephadex.

Agarose Gels - These gels are available from several

 commercial sources: perhaps the best-known are the Sepharose
range (Pharmacia Fine Chemicals) and Bio-Gel A range (Bio-

'; Rad Laboratories), which is available in 6 pore sizes,

. A-0.5 - A-150. These materials are stable in the pH range
'if 4-9 and should be used at temperatures between O and 40°C.
| An important property of agarose gels, one of con-
siderable advantage in practice, is their flexibility and
reversible change of volume in the gel bed. In contrast
to other gels, agarose columns do not aggregate under
hydrostatic pressure, andehen the pressure is released
'? the gel bed recovers its original volume. There is no need
to repack the column.

Bio-Gel P - This is a cross-linked polyacrylamide
gel produced by Bio-Rad Laboratories. A superior feature
of these gels as compared to dextran gels is that, being
synthetic, they do not enhance the growtﬁ of micro-organisms
and are neutral to bacterial attack.

Ten different types are sold, the P-2, P-4, P-6 and

_P-10 are available in four particle sizes, the rest in
tfthree particle sizes. The exclusion limit for polysaccharides

is 1.5x10°

daltons.

Ultrogel - These composite packings were introduced in
1975 and consist of both polyacrylamide and agarose.
Therefore these gels have a fractionating range greater

than the polyacrylamide gels and they are more rigid than

_agarose. Owing to their agarose content the gels must be




used between the temperatures of 2 and 36°C. They are
~sensitive to heat and to reagents prone to destroy the
_hydrogen bonds (concentrated urea for example) as well as
_ to bacterial effects. Their chemical resistance (between

pH3 and 11) is adequate. Ultrogel is marketed by LXB

Instruments Ltd (30).

Aquapak - This is a polystyrene gel cross-linked with
L divinylbenzene marketed by Waters Associates (Instruments)

~ Ltd. Fractionations of dextrans and sodium lignin sulfonates

were demonstrated (31) by Waters Associates.
Bio-Beads marketed by Bio-Rad Laboratories Ltd is a
similar gel to aquapék.

Cross-Linked Cellulose Gels - The preparation of these

gels and their performance compared with the performance

of other soft gels are described by Kuga (32).

(b) Semi-Rigid and Rigid Gels

Hydrogel - This is reported to be a highly cross-linked
ethylene glycol dimenthacrylate polymer packing. Three
\ ore sizes are available with a molecular weight exclusion
limit of leo6 for dextran solutions, pressures of up to
2xlO7 N/m2 can be used. It was reported that no deterio-
ration in efficiency or change in calibration was observed,
over a period of one year, using Hydrogel packed columns
for the analysis of dextran solutions (32-34). Unfortunately,
the Hydrogel range of GPC packings was withdrawn from the
market due to poor batch reproducibility.

Waters Associates now market a new range of Hydrogel
packings which is of the type sulfonated cross-linked

styrene with divinylbenzene copolymer. The new gels may
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 show ionic sorption effects and/or hydrolysis on either
side of pH7.

Spheron - This is a similar packing to Hydrogel

m*;fmarketed by Koch-Light Labs Ltd. Columns packed with

Spheron were used for dextran analysis by (33,34). It was
also found by these authors that the_packed bed compressed
iand efficiency was rapidly reduced.

' Toyopearl - This is a semi-rigid, spherical hydrophilic
 2ipo1ymer (polyvinyl) gel marketed by Toyo Soda Manufacturing
Co. Ltd.

Toyopearl is produced in five types (35), each with
hree different particle sizes. ranging from 20 to 100 um,
hey are also chemically stable in the pH range 1-14. . The
maximum molecular weight exclusion limit is about 1xlO7

daltons for dextran solutions. Low pressures have to be
mployed (less than 10x10° N/mz) resulting in slow flow-
‘rates and hence long analysis time (36).

TSK-PW - Marketed again by Toyo Soda Manufacturing Co.
td., it is a fully porous, spherical and semi-rigid gel
ith highvporosity. The exact structure of this high-
performance polymeric gel has not been published; however
1t does contain —'CHZ.CHOH.CHZO - groups (37). TSK-PW
is available in six types with particle size ranging from
110—25 um, it has a maximum molecular weight exclusion
limit of ZiclO7 daltons for dextran solﬁtions (35). These
packings have wide GPC applications (38-43).

I) Inorganic Packings

Almost all the inorganic packings used for aqueous

GPC are made from silica. They are rigid and can withstand
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~ very high pressures.

In aqueous GPC, adsorption can arise from hydrogen

bonding, hydrophobic and ionic interactions. For high

- molecular weight compounds, adsorption can be quite

severe when silica gels are used. In addition, with long
'*Qgterm use, silica slowly dissolves in the aqueous mobile
f; phase, especially at high pH values. The major thrust in
 }:column technology has been to develop deactivated silica
‘ifpackings or rigid cross-linked gels to prevent non-size
exclusion effects from occurring.

(a) Unmodified Silica Packings

Spherosil - These are the best known gels, manufactured
by Pechiney-Saint-Govain but sold in this country by

Waters Associates under the name Porasil (44). It is
available in six different pore sizes.

Barker and Others (33,44-54) have tried Porasil as
analytical and preparative packings and it was reported

that they slowly dissolve in water. For the preparative

’ ork the rate of dissolution was sufficiently low,

compared to the volume of the columns used, to avoid
creating any significant problems.

Porous Glass - This is available from several com-

mercial sources. The CPGlO series advertised as a 'column
acking material for glass permeation chromatography' 1is
available in twelve different pore diameters.

CPG packings are widely used for dextran analysis and
fractionation (55-60) and they seem to behave similarly

to Porasil gels.
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7orbax - Barker et al (33,61) have used DuPont's
Zorbax SE and PSM packings for dextran analysis. They
noticed a significant drop in column efficiency after a
few weeks and assumed that this might have been caused
by dissolution of silica.

The SE series come in four different pore diameters
whereas for the PSM series only three different pore
diameters are available.

LiChrospher - They are totally porous spherical silica

microparticles with a range of pore sizes; it is manufac-
tured by E. Merck. These microparticles have a relatively
large internal porosity, which provides both good sample
capacity and column efficiencies (62).

LiChrospher was used by Buytenhuys (49) on poly-
saccharides.

(b) Modified Silica Packings

‘Glycophase-G/GPC - These are irregular siliceous

particles which have been modified with a hydrophilic
glycol. They are available in six different pore diameters
and marketed by Pierce Chemical Co.

The first commercially available packing of this type
was SynChropak, which is alsoc marketed under the names
of Aquapore and Bio Sil GFC. These packings have been used
for the GPC of a wide variety of water soluble polymers
including polysaccharides (63).

Bondagel-— Marketed by Waters Associates'is a porous
silica to which an ether functionality has been chemically

bonded. This material is offered in four differeﬂt pore

diameters, plus an E-linear column which is a blend of
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pore sizes.

Bondagel has been used to characterise a number of

- water soluble polymers including pdlysaccharides (64).

TSK-SW - Marketed by Toyo Soda Manufacturing Co. Ltd.,
1t is a rigid, hydrophilic fully porous, spherical gel.
They are available in two different particle sizes and

~ have a maximum molecular weight exclusion 1limit of 4x10

for dextran, used in the 2.5-7.5 pH range (36).

Very little information is available on this packing,

but interesting applications have been reported (65-67).

3.3.4 EQUIPMENT

Gel permeation chromatography is normally employed
both as an analytical method and as a preparative technique.
The experimental arrangement commoniy used for analytical
work 1s essentially that given in Fig.3.3.3. The equipment
:consists of an eluent reservoir, a pump, a pressure
indicator, a sample loading device, a packed column, a
etector, a chart recorder and a flow measuring device.

In practice a sample of the mixture to be analysed
1s loaded on to the top of the column, and eluent is pumped
‘through it. For most chromatographic systems, the injection

. of the sample into the column is either by syringe or

;Jinjection valve (this is usually carried out manually or
V ”7automatically). Bristow (69) summarised the advantages
and disadvantages of each injection method. Pumps are
carefully chosen to ensure constant flowrate, based on
either constant pressure or constant flow. The use of

constant pressure pumps 1s not recommended since the flow-
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Fig. 3.3.3 Line Diagram of an Analytical GPC System
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rate depends on the resistance of the column and the viscosity
of the eluent. There are two types of constant flow pumps,
‘reciprocating piston pumps and more expensive syringe

~ pumps. The latter should give better flow control since
there are no 'working' valves but high quality reciporating

pumps should be satisfactory if the eluent is filtered

~__prior to the pump.

After size separation takes place in the packed column,

77;sample detection is usually carried out in one of two

 ;ways. The first involves collection of fractions from the
column outlet stream followed by analysis of the fractions

by one of several techniques. The second method is to
monitor the column outlet stream which allows a chromatogram
to be produced simultaneously. The detectors that are

most commonly used are refractive index detectors and
‘ultraViolet detectors, although other less common detectors
have been used and have been reviewed in the literature
(69-73).

The most widely used detector in GPC is the differential
refractometer (or refractive index detector), this
continuously monitors the difference in refractive index
between the mobile phase and column eluate. This method

is suitable for a wide range of samples, but suffers from

the disadvantages of being extremely sensitive to temperature,
and sensitive to a lesser degree to flow changes in the
system.

General requirements of detectors are low noise and
drift, high sensitivity with respect to the measured

parameter, low sensitivity to changes in operating
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parameters, low 'dead' volume, and a linear relationship
between the detector output and solute concentration.

The signal from the detector is transmitted to the
‘chart recorder so that a chromatogram 1is produced.
Finally the flowrate measurement is either carried out
manually by wéighing a sample collected in a given time
interval, or automatically by a siphon arréngement that
discharges when full, each discharge sending a signal to
the chart recorder hence producing a blip on the
chromatogram.

Modern GPC systems (24,74-77) also have a data logger
connected to the detector, so that the data can be stored
in a computer for later calculations without any manipula-

tion; expensive systems. have inbuilt computers.

3.3.5 POLYMER CHARACTERISATION-

All polymer molecules, whethér natural or synthetic,
consist by definition of large numbers of sample repeat
units, derived from small molecules and joined together by
- covalent bonds to form the high molecular weight polymer
‘ molecules. In the simplest polymer structure, the linear

homopolymer, only one type of repeat unit is present and

the units are joined end-to-end to form linear chains.

~ However, even in the.simplest cases, 1t is rare for thé

repeat units to be distributed equally between all of the

polymer molecules. With relatively few exceptions, of
biological origin, random processes occurring during polymer

synthesis produce chains containing varying numbers of

repeat units, so that the polymer contains a distribution
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of molecular chain lengths and is said to be polydisperse.
A polymer in which all molecules have the same molecular
weight is said to be monodisperse (70).

Because of the polydisperse nature of polymers it is
not generally possible to characterise a polymer by a
single molecular weight and the mass of the polymer
molecules can only be completely described by a MWD. A
knowledge of this data is essential in explaining or
predicting the behaviour of the polymeric system. One
method of obtaining this data is GPC, its speed and
simplicity, togéther with the ability to automate the
technique, has meant that it is usually the method of
choice for determining the MWD.

The MWD may be represented in the form of a histogram
(Fig. 3.3.4a), which truly represents the discrete
distribution of the system. However, as the polymer

usually contains a very large number of different molecular

'weights, it is often more convenient to treat the dis-
tribution as continuous and to represent it as either a
differential or integral (cummulative) distribution curve
- (Figs.3.3.4b and 3.3.4c¢).

Since no single number can adequately characterise
the molecular weight of a polymer, various averages are

used. Of the various molecular weight averages the most

common are:

Number Average, M

(O3]
(0]

N - Trl—— ................ 3-

- _ . .IniM2
My = i 3.
ZniM;

Weight Average,

8]
W
O

where nj = number of molecules of molecular weight Mi‘
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For polydisperse polymers MW is always greater than
MN except that the values are identical for a monodisperse
system.

The term polydispersity is often used to describe the

breadth of the MWD and is defined as:

=

Polydispersity, D = I P A N

=1
=z

polydispersity ratios in the range 2-20.

3.3.6 COLUMN CALIBRATION

The complex part of GPC is the production of the final
molecular weight distribution curve and the weight average

<3

and number average molecular weights from the chromatographic

The raw data consists of an elution profile of detector
esponse against elution volume. A typical chromatogram
btained is shown in Fig.3.3.5. The ordinate represents
he variable being measured by the detector, but as this
S pfoportional fo concentration of polymer present, con-
entration will be used for convenience. The abscissa is
he elution volume, or elution time, the area under the
curve represents the weight of sample loaded on the column
nd the shaded area represents the weight between VR and
VYRo-
Since the molecular weight of the polymer is a
ogarithmic function of Kd, itself a function of the

elution volume (equation 3.3.1), calibration of the GPC
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IFig. 3.3.5 A Typical GPC Polymer Chromatogram
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~ column is necessary in order to relate the elution volume

(through Kd) to the molecular weight. This is done by
éhromatographing standard samples of known molecular
weight. Ideally these should be as near monodisperse as
possible and should also consist of the same polymer as the
one being characterised. The former simplifies the

procedure and the latter ensures that no doubt can be

~_expressed concerning the validity of the calibration.

Figure 3.3.6 shows the relationship between molecular
weight, or some function thereof relating to the size of
the molecule in solution and its " retention (elution)
Volume, VR on.a semi-logarithmic scale. This is a typical
S-shaped calibration curve. Five regions of this curve may
e identified. Above a certain molecular weight (Myx) no
fractionation occurs (Section a-b) as all these molecules
are too large to peﬁetrate any of the pores of the packing
(Kd=0), and therefore they all elute at the void volume,

o+ Similarly below a certain molecular weight (My) the
nolecules are not fractionated (Section e-f) as they all
\ompletely penetrate the pores (Kg=1), and therefore

hey are the last to elute at a retention volume of the
roid plus the pore volumes, Vo+V;. Molecules between these
wo molecular weight 1limits are fractionated because they
enetrate the pores to varying degrees. With many column
ackings there is a region where the curve may be represen-
ed by a straight line (Section c-d), and one normally
hooses a column that fractionates the whole'of the unknown
ample in this region as the fractionating power of the

acking is greatest here; also the subsequent calculations
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Fig.

3.3.6

A Typical Calibration Curve for a GPC Column
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are aided if log M is directly proportional to the retention

volume. In Séctions b-c and d-e, fractionation is still

occurring, but the relationship between log M and Vg is

. non-linear. However, it is necessary to calibrate over the

whole region that is likely to be covered by the unknown

isampies because extrapolation of calibration curves will
give erroneous results.

It is important when accurate MWD data is required

”jthat the sample polymers should not contain material with

- molecular weights outside the fractionation range of the

column. The GPC chromatograms of samples which extend past
~ the inclusion or exclusion limits of the packing will

{fffrequently exhibit two peaks: one peak is due to the

'f}fractionation of the main part of the polymer and the other

_peak is an artifact caused by the grouping together of
molecules in one of the extremes of the elution limits of
~ the column packing and eluting them all at the same
retention volume, either the void volume or the void plus
pore volumes. This effect is illustrated in Fig.3.3.7.

A widely used approach for calibrating column(s) is

~to assume that the calibration curve, not necessarily

folinear, 1s represented by a mathematical function with two
Oor more unknown parameters. These parametefs are then

calculated to give a good fit between the molecular weight
averages determined from the GPC curves and those measured

by independent means, the simplest form of the equation

-Qf the calibration curve is:
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Fio. 3.3.7 Fractionation of Same Polymer on Packings with

Different Calibration Curves
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. where

M is the molecular weight
a and b are the calibration constants

Frank et al (82) used this technique and they were

~able to let a and b vary from sample to sample provided
__both MW and MN were known for each standard. By using
iithis method Balke et al (83) determined the equation of
;yithe linear calibration curve with only one or two standards,
'f each of which had two known molecular weight averages. The
linear calibration equation was obtained by using a Rosenbrock
search (84) to calculate the optimum values for the
bcoefficients a and b.

Many examples of a linearly calibrated column exist;
however’ in cases where this condition is not fulfilled
Tung and Runyon (85) have suggested that a considerable
error can be introduced. Therefore polynomial equations
of the third, fourth and fifth degree are often used to
represent the way in which calibration lines are convex in
graphical representation at their higher 1limit of molecular
weight; concave at the lower molecular weight range, and
approximately linear in the central portion. Many people
(24,86-88) have used non-linear calibration polynomials,

generally of the type:

_ 2 n -
log M = a  + alVR + aZVR oL, aan ...... 3.3.12
or its inverse function
Vi - C, + C,log M + CzlogZM o CnlognM .. 3.3.13

where ai+Ci are experimentally determined constants.
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Basedow et al (89) uses the same form as expression
(3.3.12) but reduces the retention volume to a canonical
form by using the distribution coefficient Kjy inplace of-
Vas the advantage being that because displacements in the

retention volume could easily be corrected in due course

without repeating the whole calibration, and that the

void volumes of the chromatographic system are avoided.

As the present understanding of the mechanism of GPC

is not sufficiently developed to allow direct calculation

of calibration curves, it is evident that these curves

must be obtained by experimental methods.

In GPC with organic eluents, polystyrene standards
éfwith various average molecular weights and very narrow
MWD's are commercially available (e.g. from Waters
Associates) and are widely used as calibrants for a variety
of pclymers in addition to polystyrene. This requires the

use of the universal calibration (33,70,71,73,78-80), a

concept derived from studies on the properties of polymers

in dilute solution, which have also thrown light on the

mechanism of GPC. The universal calibration method
introduced by Benoit et al (81) utilises the concept of

‘the hydrodynamic volume of polymer molecules, the hydro-




M is the molecular weight

No is the Avogadro's constant

-~y 1s the Simha constant, for spherical molecules
= it equals 0.025 but is a function of ' M'. for non-spherical
‘Témolecules. |
Benoit found that a plot of log{n}.M. against Vi for
yémany polymers gave coincident calibration curves when the
~Jpolymers were fractionated on the same column. Thus two

j;fractions of different polymers, 1 and 2, eluting at the

same Vp had molecular weights (M; and M,) related by the

expression:

{n}l.Ml = {n}Z.M2 ..... e e ce 3.3.15

If the column had been calibrated with standard fractions

of polymer 2, each with known intrinsic viscosity, the

molecular weight of the sample polymer, Ml’ can be calculated

if its intrinsic viscosity is known. Thus a plot of

”iog{n}M against Vp has provided a universal calibration

curve found to be true for many polymers.

However, polystyrene standards are not suitable for
équeous GPC and for the purpose of this research project
dextran is the only satisfactory molecule for calibration.
Jextran fractions of low polydispersity are not readily
ivailable and have to be produced by fractional preci-
itation or preparative GPC, normally in the laboratory
;equiring them. Lansing and Kraemer (90) developed a
ethod in which standards with polydispersity less than 1.1
ire first characterised by measuring their MW values by
ght-scattering and their MN values by end group analysis.

. Gaussian distribution (weight vs. log molecular weight)
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is then assumed for the fractions and by using their

erived equation the theoretical MWD is calculated. The

samples are then chromatographed and the characteristics
?fhus obtained equated with those from the calculated MWD.
 By this means a calibration curve is produced by using
a series of suitable standards.

Another method is to fractionate a number of polymers:
f the same type as the samples under test, which are
;ifsufficiently broad enough-to cover most of the molecular
| eight range of interest and also have a well characterised
istribution. This technique is of particular use to
aboratories dealing exclusively with one polymer type as
here is a considerable effort required in charactefising
he MWD. This broad polymer calibration technique was used
y Nilssonvand Nilsson (88) who assumed that the molecular

weight could be related to Kd by the equation:
2 v d
M o= be + expiby+by (Kg) by (Kq) Z4bs (K Y oot 3.3.16

Values of the constaﬁts‘bl—bs, which give the optimum
agreement between the actual values of ﬁw measured by
light scattering for each standard fraction and the
calculated values obtained from the chromatogram using
quations (3.3.9) and (3.3.16), i refers to the ith
vertical section. The optimisation is carried out using
Hartley's modification of the Gaussian-Newton method (91).
This is a bettef calibration procedure since any .one
set of Kg> M co-ordinates are estimated from the several
overlapping profiles of the dextran standards. This

calibration procedure can easily be incorporated into an
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The various calibration methods are described in detail

 in several papers and chromatography books (33,71,80,88,

190,92-95) .

j[3.3.7DATA TREATMENT

m The elution curve (chromatogram) of a sample polymer
;;is given by plotting the detector response h' agalnst
'?elution volume VR’ and it may be used to construct a full
;#molecular weight distribution curve, provided that the
;calibration curve (log M -against VR) for the analytical

CPC columns is determined (24,33,70,71,80).

; A differential MWD curve may be represented by a plot
 €0£ dw/d(log M) versus log M, where W is the weight fraction
f;bf the sample with molecular weight below M. To convert
‘i%the GPC chromatogram into the correct MWD the following

 £manipu1ation of the ordinate has to be made:

dT o ) T s 3.3.17
lOgM dVR ) d(lOgM) ------------------ « Do

here the term dW/dVR is the ordinate of the normalised
elution curve and dVR/d(logM) is the reciprocal of the
fggradient of the calibration curve.

ﬁ An alternative differential MWD could be obtained by

{iplotting dW/dM versus dM. The term dW/dM may be expanded

f?to give:
dM dv, * I(TogW) - T e 3.3.18
R 7 : 3.3.19

dVR . d(logm . M“ oooooooooooooooooooo

his procedure is illustrated by Fig.3.3.8.
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Fig. 3.3.8 Summary of Steps in the Conversion of a

GPC Chromatogram to a MWD Curve

1 }lz_d'.}!_
Vo p R
N
VR =V
(I) Elution Curve (IT) Normalised Elution Curve
1xg M l
Table of Table of
—0p | d(log M) v dw v
av 2R dv,’ 'R
R R
BV
(I1I) Calibration Curve
\
(1V) M, d(é\?g M) o dw
R dVr

at each value of V
| R J

Y%

Table of
dw M
(V) dM»

'

Differential MWD Curve
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The GPC chromatogram (I) is normalised to give a unit

area under the curve. Provided the detector.response h'
is directly proportional to concentration, it 1s not
necessary to convert the ordinate to coﬁcentration units.
Heights hi are measured at various regular intervals along
the VR |
ordinate values h = dW/dV, are then plotted against Vp

to give the normalised elution curve (II) so the value of
dW/dVR can be generated for any value of VR' Likewise the
calibration curve (III) will give a range of values of
d(logM)/dVy for the same Vp Valﬁes, and a corresponding
\range of values for M(IV). Then the values of dW/dM can

e calculated from equation 3.3.19 and the normalised

weight differential MWD curve can be constructed (V).

The M., and M,, values can be calculated from equations

W N

%= tngM§ _ ZWiMi o ThiMi oo oL, ceeeeea. 303020
W TniMj IW; Thi

G ImgMy o PWi . Zhi e 3.3.21

N~ TIny - Z(Wi/Mi) L (hy /M)

here Wi and n, are the weight and number of molecules of

molecular weight M. respectively.
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4,0 PROPOSED THEORY OF ETHANOL FRACTIONATION

When ethanol is added to a dextran solution, high
molecular weight dextrans preferentially precipitate out
of solution and settle to the bottom, this is the syrup
phase. The top phase, known as the supernatant, contains
the low molecular weight dextrans.

A Brief Study of the Possible Precipitation Process

A partial structure of a dextran molecule with a
branching point is shown in Fig.4.1l.a as produced by .the
micro-organism Leuconostoc mesenteroides BS512 strain.
When dextran is dissolved in water f?ig.4.l.b),
physical bonds are formed between the water and dextran
molecules. When ethanol is added to the dextran solution
the water molecules are replaced by ethanol molecules
R—é—gv(Fig.4.1.c).

The alkyl group of ethanol is insoluble in water and
therefore precipitates out the dextrans, preference being
given to the high molecular weight dextrans because of
their long chains creating more chances for the ethanol

molecules to replace the water molecules.
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CHAPTER FIVE

MATHEMATICAL MODELLING OF DEXTRAN
FRACTIONATION USING ETHANOL



5.0 MATHEMATICAL MODELLING OF DEXTRAN FRACTIONATION USING

- ETHANOL
Schulz and Nordt (101) showed that high polymers can
be fractionated by distribution between two phases. The
equation was derived from purely energetic considerations.

If C, and C, are the concentrations in the bottom and top

1
phases respectively, the distribution of a two-phase system

can be described by the Boltzmann equation:

€1 - exp(-lf—T) P s 5.1

C2
in which
E is the difference in potential energy (EZ-El)

“26 v 3/1)

K is the Boltzmann constant (1.3805x10

T is the absolute temperature of fractiomation

VAccording to Bronsted (102) for an isochemical
substance (that differs in molecular weight only) the

potential emergy is proportional to the molecular weight (M).

The Boltzmann equation therefore can be written as:

AM
-~ - exp(ﬁ) ® 0 » 8 ¢ 9 0 D 2 e 6 s e Y 60 G L 8N e e o 6 e e 0 00 502

where X is an energetic parameter which depeﬁds upon the
solvent/monomer segment interactions.

Considering the two stage fractionation described in
Chapter 2.0, Gibbs (22) has proposed a mathematical model
for multi-stage fractionation based on the above Boltzmann
equation as follows:

A polymer (mass mO) which has a wide MWD is in solution
(volume VO). Ethanol is added until the higher molecular

weight molecules (mass my, s volume Vb) separate as a syrup
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and are drawn off. The supernatant phase (volume Vi)

containing dextran (mass mt) is then treated with further

ethanol to precipitate the required molecular weight dextran
(mass mg, volume Vf) as a syrup and leaving the small
molecules (mass ms) in the supernatant volume V_.

For each dextran species with a molecular weight of
Mi’ the concentration ratio of syrup to supernatant phase

in the first ethanol precipitation will be given by:

Ci1 _ Concentration of species i in syrup IR
EZ Concentration of speciles 1 in supernatant IR
.om - m-
= (Bl @h e 523
Vb t
where

mib is the mass of species i in the syrup phase of

molecular weight Mi

M is the mass of species i in the supernatant phase

of molecular weight Mi

Substituting equation 5.3 into 5.2 gives:

Mib Vb oxp MMy e c 4
m- - Vt KT ° L4 ° o o 9 ® o °
1t )

at a fixed ethanol strength and temperature

A

KT = ¢constant = € teeetevecetesacsccaassas 5.5
Ve o _ _

‘T = constant = D i iiiiiiiecicrsceacees D.0
Vb

from mass balance

m. = m- -m- 6 @ 0 8 9 4 ¢ 0 @ % ¢ 0 8 ® O 8 O & e e 89 e O 0 O 0
ib io it 5.7

where mio is the mass of species 1 1in the starting dextran

solution.
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Rearranging equation 5.4 after substitution of equations
5.5, 5.6 and 5.7 gives:

- D

Wiy D+€Xp(CMi) . mio W tesseeccacansacaas 5.8

This equation defines the mass Cmit) of dextran

species with a molecular weight Mi-in the supernatant phase

in relation to its mass (mio) in the starting dextran

solution.

: - i=n
Total mass of dextran in super IR = Z M ,. ....... 5.9
i=1
R
i1 D+exp(CMi) io

ceesesesseressass 5.10

i=n
Total mass of dextran in syrup I = Z M,  ....... 5.11
i=1
1=n D
Therefore % dextrans in super IR = 100121 D+exp(CMi) - Ry
T 1i=n
¥ m.
521 10

e eeeeeaaee. 5,12

but Mg = MMy seeseersneennnnanntonecaeneeeene, 5.13

where Mg is the weight fraction of species 1 in the

starting dextran.solution.

S " : i=n
" . : - _ D
Therefore % dextrans in super IR __lOOiEI D¥exp (CM;) Kl
—
Y u.
i=1 *°

O T
For the second stage fractionation since the solvent

strength is being altered the solvent/monomer segment
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interaction parameter will change from its value of X when
the first syrup was precipitated to Ay on precipitation
of the second syrup.

Equation 5.2 can be rewritten for the second stage

fractionation as:

%% = exp/(

- TP

A M.
KT

The concentration ratio of syrup to supernatant phase

in the second ethanol precipitation will be:

C1 Concentration of species i in final syrup

C, Concentration of species i in final supernatant

mify, Mis
(jﬁg)/(jf.

- A ¢

S

where

if is the mass of species 1 in the final syrup of

molecular weight Mi

mis is the mass of species 1 in the final supernatant

of molecu&ér welght Mi

Substitution of equation 5.16 into 5.15 gives:

MMiy . 517

exp ( T

7 \Y

mif _ Xé
Tis s

at a fixed ethanol strength and temperature

Al -

F - constant = - E S TP I
Yé = constant = F T OO
Ve
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from mass balance

L.+ m. = m. mass of species 1 in Ssuper IR
msf Mis it ( peci P )

. = m., - m. S VA 6
therefore mls it m .

Substituting equations 5.18,5.19 and 5.20 into equation

5.17 gives on rearranging

EM.
m. = exp (EM;) T EEEREEE 5.21
if F+exp(EMi)
Substituting equation 5.8 for M 4 into the above equation
gives:
= D.exp (EM; ) My eeeeees 5.22
if (F+exp (EM;)) (D+exp (CM;))

This equation describes the mass distribution of the

final syrup (mif) in terms of the mass distribution of

Syrup I (mio).

i=7
Total mass of dextran in final syrup = I Mg oo 5.23
i=
Therefore % dextrans in final syrup
i=n D.exp (EMi)
= 100 . M.
jo1 (F+exp(EMi)]) (D+exp(CMi)) * "io
i=n creceeses 5.24
L m;
i=1 *°
O - . - - = .
n substitution of equation 5.13, m. g mouio
% dextrans in final syrup
i=n . . . ‘ M=
- 100 1 D.exp (EMji) _ o
"igl’CF+exp(EM{))(D+exp<CMi39 10 5,28
i=n o
jop Mo
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To determine the percentages of super IR and final
syrup, values of the constant parameters C,D,E and F have
to be found; this is achieved by the following procedure.

It has been shown that m._ = m u

io oMio? similarly the

mass of species 1 in the final syrup can be defined as:

L. ]
mif -'fuif ® ® & €@ 8 © ° & & ¥ » 8 ¢ 9 6 S ¢ T B 9 ¥ e @ ® ¥ P e O & ° O 5'2.
let p = &If - S
m
o]

where P is the weight fraction of dextrans precipitated
in the final syrup.

Equation 5.26 can now be rewritten as:
. = m_u. P T
m ¢ Pmoulf 5.2

Substituting R and m. e from equations 5.13 and 5.28 into

5.22 gives:

WL D. exp (EM;) CUjy eeees 5.29
if P(F+exp (EM.)) (D+exp (CM.))
1 1

From Gel Permeation Chromatography the MWD of syrup I
is known (i.e. Mo at all values of Mi), also known is the
MWD of the final syrup (Uif at all values of Mi).

Using a modified Marquardt method, a computer program
(Appendix A3) has been used, which from initial estimates
finds the best values of C,D,E,F and P to satisfy equation

5.29 at all values of Uio’Mi such that the sum

. 2 . e e .
- 1 -
S .Z (U.f U.E) 1S a minimum ceeesesees 5.30

where S is the residual sum of squares.
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ANALYTICAL GPC

6.1 ANALYTICAL EQUIPMENT

The experimental arrangement used for the analytical
work was essentially that given in Fig.6.1.1. The equip-
ment basically consisted of an eluent reservoir, water
bath, thermoregulator, microfilter, pump, a sample
introduction valve, fractionating columns, hot waterT
circulator, glass column, detector, chart recorder and a
PET computer.

The eluent used was a 0.02% w/v solution of sodium
azide in distilled water. The sodium azide solution was
used to prevent bacterial growth in the columns. The
samples to be injected were made up to a concentration of
2% w/v dextran and 0.02% w/v sodium azide, the latter to
prevent the presence of any negative (absence of sodium
azide) peaks on the chromatogram.

The eluent was pumped with a positive displacement
pump (series II, Metering Pumps Ltd., London, U.K.). This
pump has recently been changed to a more accurate dual
piston, low pulsation pump (médel 1330, Bio-Rad Laboratories,
Watford, U.K.). Samples were injected using a six-port
sample injection valve (type 30.100) supplied by
Spectroscopic Accessory Co., London, and fitted with a
constant volume (100 ul) sample loop. All the samples
before being injected into the columns were filtered
using a disposable syringe filter of 0.45 um mesh supplied
by Millipore, London. B

The fractionating columns used will be described in

detail in Section 6.2. The columns were enclosed in a
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large glass column (70 cm long x 7.5 cm ID, Corning Glass)
filled with water and heated by passing it through a hot
water circulator (C-400, Techne, Cambridge, U.K.), so that
the operating temperature of the‘columns was kept constant.

The eluate from the columns passed into a differential
refractometer (R401, Waters Associates Ltd.), and fhe
resulting change in the eluate concentration was regis-
tered first on a flat-bed, potentiometric chart recorder
(Venture Servoscribe, RES41.20, Smiths Ltd.), and secondly
on a multiplexer (Model PCI 1001, CIL Electronics Ltd.,
Sussex)-té convert the signal from the differential
refractometer into a digital mode. The data was then
stored and printed (Appendix A4) on a PET Computer (CBM
Model 4032, 32K bytes, with CBM Model 4022P printer,
Commodore, U.K.). After minor corrections to the raw data
the MWD and average molecular weights>were computed

(Appendix A2) on the CBM 403Z.

6.2 FRACTIONATING COLUMNS

The fractionating columns used during this research
project were the TSK-PW type marketed by Toyo Soda
Manufécturihg Co. Ltd., Tokyo, Japan.

The system used for dextran analysis consisted of
two G5000 PW columns and one G3000 PW column. The
G5000 PW column has a particle size of 17 I 2 um and
fractionates dextran in the molecular weight range of
lO,OOO~2xlO6Awhereas the G3C00 PW has a particle size of
13 % 2 um and fractionates dexfran up to a molecular weight

of 10,000. The columns were of 60 cm length x 0.75 cm 1D,
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connected in seriles in sequence of descending pore size.
The operation of these columns was kept at 35°C so that
the pressure drop across the columns was lower than at
ambient temperature and also better resolution was
obtained. The eluent reservoir was kept at a constant
temperature of 4OOC, the water bath heated by a thermo-
regulator (TE-4, Techne, Cambridge, U.K.). The reason

for the eluent reservoir being at a higher temperature
than ﬁhe columns was to avoid any de-gassing of the eluent
in thé columns. |

The flowrate through the columns was 1.0 cms/min and
the analysis time for dextran-glucose solutions was
approximately one hour.

Fisons Ltd., Pharmaceutical Division, Holmes Chapel,
Cheshire (96) own about four sets of these columns, one
set has been in use for more than two years in their
Quality Control Department without any significant problems.
Some of the dextran samples in this research work have
been analysed at their Works Technical Department (97).
The GPC equipment of the latter department has been des-
cribed in detail by Alsop et al (24,98) and Vlachogiannis
(37).

In January 1984 the columns at Aston showed signs of
deterioration after three and a half years of intensive
use therefore a new set of these columns were ordered and
installed at Aston. The number of theoretical plates (N)
and the asymmetry factor (AS) of the o0ld and new set of
columns were calculated using equations 3.3.4.a and

3.3.6. The results are given in Fig.6.2.1 for a 1% w/v
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Results of Theoretical Piates and Asymmetry

Fig. 6.2.1

Factors for TSK-PW Columns

Toyo Soda Quality .
Specifications Aston Analysis
Column
Type
N/Metre Ag N/Metre Ag
G5000-PW 10000 0.7v1.6 3732 2.52
OLD I
G5000-PW 10000 0.7v1.6 9098 1.28
OLD II
G3000-PW 16000 0.77v1.6 14508 1.70
OLD
G5000 -PW 10000 0.7v1.6 16083 0.94
NEW I
G5000-
§E301§W 10000 0.74,1.6 16667 1.01
Gsogg&Pw 16000 0.7~1.6 19777 1.08
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ethylene glycol solution; operation of the columns was at

ambient temperature.

6.3 ANALYTICAL TECHNIQUES

The preparation of a sample to be injected on the
analytical columns fell into one of two categories.

These were:

(a) The preparation of 2% w/v dextran solutions of known
average molecular weights for the calibration of the TSK
columns. The above solutions were prepared by dissolving

a known amount of dextran powder of known average molecular
weights in a precise volume of 0.02% w/v sodium azide
aqueous solution. Glucose and very high molecular weight
dextran ﬁarkers were added to these solutions to indicate
the total inclusion and exclusion volumes respectively.

(b) The experimental and plant samples had to be di;tilled
(Quick Fit kit) due to the presence of ethanol.

The sample solutions were therefore usually too
concentrated hence dilution.was required to make it a 2%
w/v dextran solution. The concentrations were measured

by a pocket sugar refractometer (0-50%, Bellingham and
Stanley Ltd., Kent, England). All sample solutions were
made up to 0.02% w/v concentration of sodium azide.

Glucose was used as a marker.

The samples were filtered and then injected into a
six port injection valve with a constant volume sample
loop.

The differential refractometer had a full scale

deflection of 10mv, the chart recorder and the multiplexer
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also had to be adjusted to the above value. The zeroing
of the chart recorder and the differential refractometer
is explained by Smiths (99) and Waters Associates (100)
respectively.

The eluent flowrates through the columns were measured
by weighing the eluate collected in a known period of
time. The interstitial volume was taken to be at the peak
maximum of the high molecular weight dextran (VO) marker
chromatogram. The total liquid volume for the columns

was marked by the peak maximum of the glucose chromatogram.

6.4 DATA CONVERSION

6.4.1 CALIBRATION

To convert the chromatograms into a molecular weight
distribution it was necessary to calibrate the column
?ackings. The Nilsson and Nilsson (88) approach was used
to calibrate the TSK-PW type columns.

A polynomial of the type

2 3
b5+exp{b4+bl(Kd)+b2(Kd) +b3(Kd) } ® o 2 s 0 e 0 0 0w 3.3.16

=
i

was used. The distribution coefficient (Kd) is related

to the elution volume (VR) according to the equation:

Vg =V, o+ K4V or Ky = e, 3.3.1

i

The values of the calibration constants bl—b5 were
obtained by the following procedure.
(a) A series of chromatograms were obtained for several
Pharmacia dextran T-fractions whose weight average molecular

weights, ﬁw's had been measured previously by light-
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scattering. The eluent flowrate for each chromatogram was
measured.

(b) The heights, elution volumes (converted to K4 values)
and MW (measured by 1ight—scattering} of the T-fraction
chromatograms together with guessed values of the calibra-
tion constants b1~b5 were entered into the computer
calibration program (Appendix Al). The Hartley's modifi-
cation of the Gaussilian-Newton method was used to calculate
‘the new values of the calibration constants bl-bs, which
gave the optimum agreement between the actual values of

MW measured by light-scattering (L.S.) from each T-fraction
and the calculated values obtained from thé GPC.elution
profiles.

(c) The resulting calibration curve was checked by
analysing a dextran T-40 sample (batch BTlJ,MW 47,500 by
L.S.) and comparing the values of the MW’S between light-
scattering and GPC. The dextran T-40 sample BT1J was
analysed frequently as a check on the calibration.

During this research work two calibrations were
carried out, one on the old set and one on the new set of
the TSK columns. The results of the calibration 'CDSE’
on the old columns are given in Pigs.6.4.1Aand 6.4.2 and
of the new columns 'CD6E' in Figs.6.4.3 and 6.4.4.

The Nordic Pharmacopoeia requires that all of the
calibration standards shall have individual molecular
weights obtained by GPC within 90-110% of those obtained
by light-scattering before one proceeds with the analysis

of samples by GPC (98). Fisons'calibration 315Z (earlier

®Xperimental samples of this research work were analysed
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Fig. 6.4.1 The Results of Aston's GPC Calibration CDSE
Weight Average GPC
Batch Molecular Weights ——= x 100
Numbers L.S GPC .o
3202 490000 493715 100.76
13473 231000 229485 99. 34
921 154000 153382 99. 60
5403 72000 71594 99.44
2540 44400 44588 100.42
2514 41800 42595 101.90
7968 22300 22280 99.91
3205 9300 9171 98.61
Stachyose 667 671 100.60
Glucose 180 180 100.00
Calibration Constants
bI b2 b3 b4 b5
-16.634 1] 21.7021-16.606]116.067 87.798
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Fig. 6.4.3 The Results of Aston's GPC Calibration CD6E
Weight Average
Batch Molecular Weights GPC 100

Numbers L.S.
L.S. GPC

PT 3636 239825 244153 101. 80

PH 1078 149600 144398 96.52

PG 7427 104450 103450 99.04

PF 1601 73625 74003 100.51

PB 5227 42150 42457 100.73

PE 5382 21975 23451 106.72

PA 0094 11500 10892 94.71

JD 2985 8825 8377 94.92

DK 8868 5250 5140 97.90

PD 2335 4100 4331 105.63

Glucose 180 180 100.00

Calibration Constants
b1 b2 b3 b4‘ b5
-13.063[12.758 |-9.547 |15.987 |-73.385
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during this calibration) provided a much better agreement,
individual molecular weights obtained by GPC were within 98-
102% of those obtained by light-scattering with a standard
geviation of 0.77. |

Aston's calibration CDSE (identical calibration
standards as Fisons' 3157 calibration) provided results
of individual molecular weights within 98-102% with a
standard deviation of 0.92. Different calibration standards
were used for 'CD6E' giving results of individual
molecular weights within 94-107% with a standard deviation
of 3.9.

The reproducibility of the GPC system can be illustrated
by the analysis of BT1J for thirty runs over a period of
eight months. The standard deviation on the MW was 814

with a mean value of 39,990, a difference of 3.6% over the

light-scattering value of 41,500.

6.4.2 DETERMINATION OF THE AVERAGE MOLECULAR WEIGHTS

To convert the chromatogram of a sample to average
molecular weights it was required that:
(a) The heights measured at regular intervals of thirty
seconds along the chromatogram, the elution times of
1) very high molecular weight dextran peak (for calcula-
tion of the void volume), ii) glucose peak (for calcula-
tion of the total liquid volume), iii) the start of
Chromatogram, iv) the end of a chromatogram and finally
the calibration constants bl--b5 be entered into the

Computer program (Appendix A2).
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(b)
weight (MW) average molecular weights, polydispersity (D)

and weight fractions from the chromatogram using equations:

e)

£)

This computer program calculated the number (MN]’
1

Kd = VR—VO
V.
1

=
0

1
Chromatogram height, hj

# % 0 0 ® s e e 0 e w s s s e S 5 9 6 T G S O SV A e e e 9 8 &

2 ; 3 S
b5+eXp{b4+b1(Kdi)+b2(Kdi) +b3(Kdi) } .. 3.3.16

3.3.1

Normalised height, h. =

1 Total chromatogram heights Zh

o s o o

-— Zh».M.
M = —#‘ .« ® 8 9 9 & & ¢ 5 9 e
W *h.

1
M = *‘EE:—_‘ " 2 8 3 0 e o e o o0
N Th. /M.

1 1

My
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CHAPTER SEVEN

LABORATORY-SCALE ETHANOL FRACTIONATION
OF DEXTRAN



7.0 LABORATORY -SCALE ETHANOL FRACTIONATION OF DEXTRAN

7.1 INTRODUCTION

The simplest and quickest method of testing the
mathematical model (Chapter 5.0) was to simulate the
Fisons plant fractionation procedure on the laboratory
scale.

The Fisons plant fractiohation procedure for produc—
ing the final syrup (clinical dextran) from syrup I is
a two-stage process based on the solubility method of
fractional precipitation by the addition of a non-solvent
(ethanol). |

The first sfage is the production of syrup IR and
super IR, the second stage 1s the production of final

syrup and final super from the super IR {See‘Pig. 7.1.1).

7.2 EXPERIMENTAL METHOD

Dextran solution (Syrup I, Plant Batch RB.51K) having
a concentration of 8% w/v was filtered using a Carlson
pressure filter with Na 120 and G4 filter sheets (John
C. Carlson Ltd., Aston-u-Lyne).

Plant ethanol (supplied by Fisons Ltd., Holmes Chapel)
of known concentration was mixed with 400 cm3 Syrup I \
solution in a 1000 cm3 separating funnel to fractionate
some of the high molecular weight dextrans. As large
dextran molecules are less soluble in aqueous ethanol
than small ones, it précipitates from the solution as a
Syrup IR.

After 16-20 hours the S$yrup IR was separated, ethanol

was distilled off from the Syrup IR using a Quick-fit kit
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Fig. 7.1.1 Block Diagram of the Plant Fractionation;
Double Fractionation

Syrup I
Syrup IR Super IR
Final Final
Syrup Super
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(Gallenkamp & Co. Ltd., Birmingham) and from the remaining
solution (Super IR). Concentrations measured by a constant
temperature ABBE optical refractometer (Bellingham and
Stanley Ltd., London N19) using a calibration curve and

the volumes of these two solutions were recorded.

Ethanol was mixed with the Super IR to fractionate
the medium molecular weight dextrans (final syrup) leaving
the very low molecular weight dextrans in the final super.
After 16-20 hours the final syrup was separated and ethanol
was distilled off from the two dextran solutions. Con-
centrations and volumes of the solutions were recorded.

The other measurements recorded were:

(1) Volumes of the syrup IR, Super IR, final syrup

and final super (prior to ethanol distillation),

(ii) The volumes of ethanol used in the fractionation stages,
(iii)The volumes of the distilled ethanol, and
(iv) The fractionation temperature.

A total of thirty one laboratory experiments were
carried out during this research work. For run 10 and
onwards fractionation was performed at 25°C in a constant
temperature water bath controlled by a thermoregulator
(TE-4, Techne, Cambridge, U.K.).

Three calibrations were carried out on the ABBE
optical refractometer at 20°¢ during this research work;
the calibrations were found to be linear with respect to
dextran Concentration.' Tabulation of the results are
given in Figs. 7.2.1-7.2.3. The data was fitted by the
least squares linear regression method. The correlation

Coefficient () is a measure of how well the straight

-84~




Fig.

7.2.1

-ABBE

Optical Refractometer Calibration Results

Dextran |Refractometer Reading
Conc. (Decimal Degrees)
Sw/Vv) :

2 3.517
4 3.703
5 3.862
8 4,247
10 4.517
12 4.765
15 5.120
20 5.688

y = 8.100x - 26.361

Correlation Coefficient = 0.9993
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Fig.

7.2.2

ABBE Optical Refractometer Calibration Results

Dextran |Refractometer Reading
Conc. (Decimal Degrees)
Sw/v)

Y X

2 3.467
4 3.717
5 3.850
8 4.217
10 4.467
12 4.700
15 5.017

y = 8.307x - 26.930

Correlation Coefficient

~86 -~
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Fig. 7.2.3 ABBE Optical Refractometer Calibration Results b

Dextran [Refractometer Reading
Conc. (Decimal Degrees)
(2w/Vv)
y X
2 53.417
4 3.0683
5 3.817
8 - 4.183
10 4.450
12 4.667
15 5.017
20 5.567

y = 8.353x - 26.837
Correlation Coefficient = 0.9993
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line fitted to the data approximates the data. The value
will be between -1 and +1 with either + or -1 being a

perfect correlation.

7.3 COMPARISON OF EXPERIMENTAL RESULTS WITH PREDICTIONS

OF THE MODEL

Experimental conditions and results are listed in
Figs. 7.2.4-7.2.10 whereas the model predictions are
listed separately in Figs. 7.2.11-7.2.17.

For runs 1-11 experimental results of the weight
percentage (Wt%) dextran fractions are plotted against
model results in Fig. 7.2.18. It can be seen that for the
first fractionation (Surup IR) the two sets of results are
in good agreement. For the second fractionation (final
syrup) the model is predicting approximately twelve weight
per cent more than the experimental values.

To try and explain the offset in the second stage
1t was proposed to carry out more laboratory experiments,
with a few variations in the experimental method.

Runs 13-18 were slightly different in procedure to
runs 1-11. Previously after the separation of the
Syrup IR and super IR,ethanol was distilled off from the
latter. In this case no distillation was carried out
on the super IR. To precipitate the final syrup ethanol
was simply added to the super IR (similar procedure of
the Fisons' plant, Holﬁes Chapel (22)). Experimental
results are compared with the model predictions in
Fig. 7.2.19 for runs 13-18.

Fig. 7.2.19 shows that for the first stage the two

(=]
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Fig. 7.2.4 Experimental Conditions and Results; 'Runs 1-5
Run 1 2 3 4 5
Vol. of Syrup I (&) | 650 ~ | 400 400 400 400
Conc. of Syrup I (3w/Vv) 8 9 9 8 8
Fractionation Tenp (OC) 19 19 19 18 18
Conc. of Ethanol (wt%) 88.5 88.5 88.5 88.5 88.5
Vol. of Ethanol Us?)d _ 330 310 275 275
in First Stage (on™)
Vol. of Ethanol Useg _ 340 320 300 250
in Seccend Stage (am™)
Was Ethanol in YES YES YES YES YES
Super IR Distilled
Were Stages Sf:irred NO NO NO NO NO
for 4 Hours
Vol. of Syrwp IR (cm) - 70 60 15 10
Vol of Super IR (cmd) . 660 650 655 665
|Vol.of Final Super(cm)i - 550 480 561 460
Vol.of Final Syrup(amd)| - 20 20 67 56
- Vol. of Super IR _ - . _
D Tol. of Syrup IR 9.43 10.83 43.67 66.50
Vol. of Final Super
F= - 2 37
Vol. of Final Syrwp 29.50 24.00 8.37 8.21
Wt% Syrup IR 49,60 58.00 60.00 4.90 3.80
Wt% Super IR 44.00 41.00 39.00 92.44 95.30
Wt% Final Super 20.00 13.20 16.60 27.63 23.75
Wt% Final Syrup 26.20 26.40 | 22.00 63.78 | 68.75




Fig. 7.2.5 Experimental Conditions and Results; Runs 6-10
Run 6 8 9 10
Vol. of Syrwp I (an®) | 400 400 400 400
Conc. of Syrup I (%w/V) 7.5 8.6 8.55 7.3
Fractionation Temp (OC) 20 19 20 25
Conc. of Ethanol (wt%) 84 84 84 66.5
Vol. of Ethanol Usgd 300 310 310 510
in First Stage (an”)
Vol. of Ethanol Useg 330 230 230 385
in Second Stage (cm”)
Was Ethanol in YES YES YES YES
Super IR Distilled
Were Stages Stirred \O NO NO NO
for 4 Hours
Vol. of Syrw IR (an®) | 40 55 36 33
Vol. of Super IR (cn) | 647 650 665 877
Vol.of Final Swper(cn>)| 590 380 367 615
Vol.of Final Syrup(cn’)| 40 30 40 35

- Vol. of Super IR : .
D Vol. of Syrup IR 16.18 11.82 18.47 26.58

- Vol. of Final Super S
F = oy See| 1475 12.67 9.18 | 17.57
Wt% Syrup IR 29.60 51.00 29.00 23.30
Wt% Super IR 68.70 49.00 71.00 78.50
Wt% Final Super 10.70 8.70 7.40 33.60
Wt% Final Syrup 55.00 39.50 63.60 43,00
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Fig. 7.2.6 Experimental Conditions and Results; Runs 11-15

o

Run 11 - 13 14 15
Vol. of Syrwp I (cm) | 400 400 | 400 400
Conc.of Syrup I (%w/v) 7.3 8 8 8
Fractionation Temp(°C) | 25 25 25 25
Conc. of Ethanol (Wt3) | 66.5 99.5 99.5 99.5
Vol. of Ethanol Used 500 | 300 290 230

in First Stage (Cms)

Vol. of Ethanol Used

S | 43 144 150 120
in Second Stage (cm™)
Was Ethanol in YES NO NO NO
Super IR Distilled
Were Stages Stirred NO ' NO NO NO

_ifor 4 Hours

Vol. of Syrup IR (cmd) | 23 43 41 36
Vol. of Super IR (cm®) | 877 630 620 620
Vol.of Final Super(amn)| 650 | 750 745 710
Vol.of Final Syrup(cms) 40 - , - 18
D = Jol. of Super IR 38.13 14.65 | 15.12 | 17.22

~ VoI. of Syrup IR

- oL of el sl 1. | e
Wt3 Syrup IR 20.50 60.47 53.27 43.16
Wt% Super IR 81.92 39.53 46.73 56.84
Wt% Final Super 22.00 6.81 6.63 17.89

Vt$ Final Syrup 58.90 33.59 | 40.98 | 36.66




Experimental Conditions and Results;

Runs 16-20

I

.97

R 16 17 18 19 20
vol. of Syrup I (cms) 400 400 400 400 400
Conc. of Syrup I (%w/V) 8 8 8 8 8
Fractionation Temp(°C) | 25 25 25 25 25
Conc. of Ethanol (wt3)| 99.5 99.5 99.5 80 80
Vol. of Ethanol Used -
in First Stage (cnd) 270 250 240 330 340
Vol. of Ethanol Use% 90 66 70 74 60
in Second Stage (am™)
Was Ethanol in NO NO NO NO NO
Super IR Distilled
Were Stages Stirred NO NO NO NO NO
for 4 Hours
Vol. of Syrup IR (CmS) 28 7 3 3.5 6.5
Vol. of Swer IR (&n>)| 615 620 615 710 713
Vol.of Final Super(ém>) 670 . 640 630 740 735
Vol.of Final Syrup(cm>] 28 42 45 37 33

Vol. of Super IR z
D = up

VoT—of Syap IR 21.96 88.57| 205 203 110

. Vol.of Final Super

F = Up 2 . .

Wl of Fimal Syop| 2393 15.24| 14.00 20.00 | 22.27
Wt Syrup IR 31.44 15,92 1.80 2.10 5.18
Wt% Super IR 68. 56 94.08| 98.20 97.90 | 94.82
Wt Final Super 18.52 27.81] 31.44 49.61| 44.55
Wts p; -
| W% Final Syrup 51.44 67 67.56 47.48 | 50.39




Fig. 7.2.8 Experimental Conditions and Results; Runs 21-25

um 21 22 23 24 25

Vol. of Syrw I () | 400 400 400 400 400

Conc. of Syrup I (%wW/V) 8 8 ] 8 8

Fractionation Temp.(°C)| 25 25 25 25 25

Conc. of Ethanol (wt%) 80 80 80 80 80

Vol. of Ethanol Used ) 5qy 360 370 380 390

in First Stage (cm™)

Vol. of Ethanol USe% 70 55 100 90 20

in Second Stage (cm™)

Was Ethanol in NO NO NO NO NO

Super IR Distilled

Were Stages Stirred \O NO NO NO NO

for 4 Hours

Vol. of Syrw IR (an®)| 10.8 17 28 32 38

Vol. of Swper IR (cn”)| 715 720 720 728 730

Vol.of Final Swper(an>) 740 747 788 790 787

Vol.of Final Syrup(ém”) 37 29 25 22 16
Vol. of Super IR

D = 2. 25.71 | - 22.75| 19.21
Vol. of Syruw IR 66.20 42.35

¢ _ Vol.of Final Super| 20.00 | 25.76| 31.52 | 35.91| 49.19
Vol.of Final Syrup

WS Syrup IR 5.3 | 16.64| 30.05| 37.55| 46.55

Wty Super IR 0.64 |  83.36| 69.95 | 62.45| 53.45

Wts Final Super 42.97 | 44.86| 25.59 | 25.68| 24.76

Wt Final Syrup 48.69 | 38.81| 43.03| 35.19| 26.90
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Fig. 7.2.9 Experimental Conditions and Results; Runs 26-30

prrmm———r—

Run 26 27 28 29 30
Vol. of Syrwp I () | 400 400 400 400 400
Conc. of Syrup I (%W/V) 8 8 8 8 8
Fractionation Temp(°C) 25 25 25 25 25
Conc. of Ethanol (Wt3) 80 80 80 80 80
Vol. of Ethanol Used 100 370 280 390 270

in First Stage (Cms)

Vol. of Ethanol Use% 70 100 90 80 60
in Second Stage (cm”)

Was Ethanol in | NO NO NO NO NO
Super IR Distilled

Were Stages Stirred

NO YES YES YES YES
for 4 Hours
Vol. of Syrup IR (¢n°) | 40 28 32 38 76
Vol. of Super IR (cm) | 735 720 728 730 675
Vol.of Final Super(cm>)| 790 790 790 789 725
Vol.of Final Syrup(am”)| 12 25 21 16 6
p = Jol. of Super IR 18.38 | 25.71 22.75 | 19.21 8. 88

~ VoI. of Syrwp IR

- Vol. of Final Supe
F = Sper 3 2 49 3
Vol. of Final S 65.83 31.60 37.62 49,31 121

Wt% Syrup IR 52.73 30.07 37.50 44.47 87.13
Wt% Super IR 47.27 69.93 62.50 55.53 12.88
Wt% Final Super 25.78 24.94 25.31 24.91 3.60

Wt% Final Syrup 20.40 42.66 35.00 26.78 9.24

S
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Fig. 7.2.10 Experimental Conditions and Results; Runs 31-33

frmmmem e

Run 31 32 33 - -
Vol. of Syrup I (cn) 40 | 400 400
Conc. of Syrup I (%w/V) 8 8 8
Fractionation Temp(OC) 25 25 25
Conc. of Ethanol (Wt%) 80 80 80
Vol. of Ethanol Used 370 360 260

in First Stage (Cms)

Vol. of Ethanol Use% 1 30 110 20
in Second Stage (cm™)

Was Ethanol in YES NO YES
Super IR Distilled

Were Stages Stirred YES YES YES
for 4 Hours

Vol. of Syrwp IR (&nd) 76 25 25
Vol. of Super IR (an>) | 675 720 715
Vol.of Final Super(cn>)| 550 790 560
Vol.of Final Syrup(cms) 5.5 31 33

D = Jol. of Super IR 8.83| 28.80 | 28.60

Vol. of Syrup IR

- Vol.of Final Super
F = up
Vol.of Final Syrup 100 25.48 16.97

Wts Syrup IR 86.63 | 20.75 20.78
With Super IR 1 13.38] 79.25 79.22
7t5 Final Super 7.28 | 24.06 24.98

R S

% Final Syrup 7.70 | 52.31 48.64




 %ig. 7.2.11 Results of -the Mathematical Model Predictiom =

——E;n 1 2 3 4 5
c X 10° 2.77 | 4.86 | 3.19 | -120 -41
D 3.83 | 6.94 | 3.38 | 0.0009| 0.13
E x 107 1.56 | 2.56 | 2.12 | o0.88 | 0.81
F 6.15 | 17.03 | 13.02 | 6.24 | 4.83
p 0.37 | 0.3¢ | 0.33 | 0.70 | 0.71
Fixed Valué of P ) ) ) ) _
Wty Syrup IR 52.30 | 55.72 | 57.61 | 4.60 | 4.49
Wty Super IR 47.70 | 44.28 | 42.39 | 95.40 | 95.51
Wt$ Final Super | 10.50 | 9.74 | 9.71 | 23.09 | 22.30
Wt$ Final Syrup | 37.20 | 34.54 | 32.68 | 72.31 | 73.21
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Results of the Mathematical Model Predictions

Run 6 8 9 10

c x 10° 4.03 3.60 | 2.76 | 1.90
D 122 6.57 | 14.06 | 10.45
£ x 10 2.39 3,57 | 4.33 | 1.09
F 110 18.46 | 30.13 | 9.42
p 0.57 0.49 | 0.67 | 0.51
Fixed Value of P _ _ - -

Wty Syrup IR 19.96 45.25 | 27.16 | 24.41
Wty Super IR 80.04 54.75 | 72.84 | 75.59
Wt% Final Super 23.47 6.02 5.97 24.54
Wt% Final Syrup 56.57 48.73 66.87 51.05




v Fig. 7.2 13 Results of the Mathematical Model Predictions

7.2,
[ Run 11 - 13 14 15
¢ x 10° 2.04 6.36 | 4.51 | 3.10
D 16.37 5.67 | 2.55 | 4.46
£ x 10 1.19 ~0.21 | -0.06 | 3.20
S 2.66 ~0.05 | -0.3 6.88
P 0.68 _ - _

Fixed Value of P -

Wt% Syrup IR 19.87 61;05 66.06 47.33

Wt% Super IR 80.13 | 38.95 33.94 52.67

Wt% Final Super 11.91 -3.92 {-17.93 6.08

Wt% Final Syrup 68.22 42.87 51.87 46,59
.
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Fig. 7.2.14

Results of the Mathematical Model Predictions

Run 16 17 18 19 20
c x 10° 2.53 | 0.81 | -1.53 | -0.88 | o.s8
D 8.24 | 84.44 | 12.94 | 2.88 | 28.80
E x 10% 2.99 | 1.26 | 1.26 | 0.75 | 0.81
P 5.61 | 3.18 | 3.13 | 5.60 | 7.26
> i _ . ) _
Fixed Value of P | 4 g1 | .78 | 0.78 | 0.57 | 0.60
Wt3 Syrup IR 33.13 | 5.62 | 4.10 | 17.50 | 10.50
ity Super IR 66.87 | 94.38 | 95.90 | 82.50 | 89.50
Wt% Final Super 6.69 | 16.73 | 15.79 | 22.75 | 29.35
Wts Final Syrup | 60.18 | 77.65 | 80.11 | 59.75 | 60.15
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F‘ig- 7.2.15 Results of the Mathematical Model Predictions
Run 21 22 23 24 25
¢ x 10° 0.37 | 1.00 | 2.86 | 3.23 | 3.78
D 13.84 | 8.37 | 10.10 | 7.82 | 5.96
E x 10° 0.75 | 0.81 | 1.50 | 1.45 | 1.50
F 6.79 | 8.39 | 5.64 | 6.65 | 8.10
> i _ _ i _
Fixed Value of P | o oo | 49 | 0.55 | 0.45 | 0.37
Wt$ Syrup IR 11.38 | 22.85 | 33.03 | 39.57 | 47.72
Wt3 Super IR 88.62 | 77.15 | 66.97 | 60.43 | 52.28
Wel Fimal Super | 29.32 | 28.05 | 14.82 | 15.94 | 15.78
Wt? Final Syrup 59.30 | 49.10 | 52.15 | 44.49 | 36.50

_

-100-




 Fig. 7.2.16 Results of the Mathematical Model Predictions

Run 26 27 28 29 30
c x 10° 4.02 3.03 | 3.45| 3.90 2.17

D 4.13 | 13.94 8.51 7.13 1.42

E x 10° 1.46 | 1.48 | 1.48 ] 1.31] 2.20

F | 8.78 | 6.96 | 6.49 7.62 196

P - - — - -—

Fixed Value of P | 30| 0.53| o0.45| 0.37| o0.18 JE
Wty Syrup IR 55.63 | 29.13 | 38.77 | 44.43 | 81.68

Wt3 Super IR 44.37 | 70.87 | 61.23 | 55.57 | 18.32

Wt$ Final Super 15.15 | 18.38 | 16.70 | 19.39 | o0.91

Wty Final Syrup 29.22 | 52.49 | 44.53 | 36.18 | 17.41
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- Fig. 7.2.17 Results of the Mathematical Model Predictions

FQun : 31 32 33 - -
¢ x 10° 2.42 2.23|  2.04
D 1.54 21.33 13.81
E g 104 2.11 i.53 1.48
£ 59.41 7.84 6.08
P - - -
Fixed Value of P 0.17 | 0.63 0.61
Wt% Syrup IR 82.95 22.59 25.83
Wt% Super IR 17.05 77.41 74.17
Wt% Final Super 0.56 | 15.09 | 13.37
Wt% Final Syrup 16.49 62.32 60. 80
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sets of results are in good agreement but an offset of
similar magnitude found in previous runs is present in
the second stage.

A further fifteen laboratory experiments were carried
out using the above procedure with the exception of runs
31 and 33 where the ethanol distillation was carried out
on the super IR. The objectiVe was to perform two sets
of experiments, namely runs 30, 31 and 32, 33 similar in
the experimental conditions, except that in runs 31 and
33 ethancl was distilled from the Super IR.

For runs 30 and 31 Pharmacia dextran T110 (Lot No.
5404) standard was used as the syrup I because of its
i) similar weight average molecular weight to Fisons'

syrup I plant Batch RB 51K, ii) narrow molecular weight

distribution.

For runs 27 and onward the first and second separa- =

ting stages were stirred for four hours continuously

(shaken by hand previously) before leaving the solutions

to stand for 16-20 hours so that equilibrium could be

established.

Runs 23, 24 and 25 were similar to 27, 28 and 29
respectively in all respects with the exception of four
hours stirring on runs 27, 28 and 29. The objective of
this was to determine i) whether or not the longer stirring
time made any difference to the amount of dextrans
Precipitated out, ii) if reproducibility of the results
were obtainable.

Fig. 7.2.9 (runs 23-29) shows that i) the four hours

Stirring time has made no difference on the dextran

_1Nnca



precipitations, 11) the reproducibility of the results
is excellent. This is also supported by runs 30, 31 and
32, 33.

Fig. 7.2.20 is an overall comparison of the experi-
mental results and model predictions. As before the
first stage is 1in good agreement but an offset of about

ten per cent i1s present in the second stage.

7.4 COMPARISON OF GPC AND MODEL PREDICTED MWD'S

For the laboratory experimental runs 8-11 a compari-
son of the MWD's obtained from GPC and the model
equations was made.

The MWD's predicted by the model are defined by the

weight fraction of species i Mg u and Moo the

it’ Mib

equations are:

For the Final Syrup (uif)

D.exp(EMji)

u. = e His o eee oo 5.29
if P (F+exp (EM;)) (D+exp (CM,)) 10
For the Super IR (uit)
D
. = e M. i eeeoessnsscascsaso 5.8
Mit D+exp (CM,) io
m;, = L R R R R 5.13°
similarly
My = MMy ot e et ea e e et ee et e e ea e s s e 7.4.1

on substitution of equations 5.13 and 7.4.1 into 5.8

gives
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o D
e H: e ee e reeneee 7.4.2
(D+exp (CM3)) (me/mo) 10

Hit

For the Syrup IR (uj})

Equation 5.7 can alternatively be written as
u. = QL(m M. = m_u..) 7.4.3
lb mb O 10 t i_t oooooooooooooooooooo e Y
rearranging equation 7.4.2 gives

D
- = R 1 P 7.4.4
tHit D+eXp(CMi) o"io

m
from the mass balance on the first stage

My = T = TN, o s 0ees0eceeeseeeesnsecssosesasoscese
b o) t

On substitution of the above two equations into 7.4.3

gives

D Mo
= - em————————— ., U, [ e 3 ¢ s e s s e e 704.6
Hib {Uio D+exp(CMi) ) io} m_-m

For the Final Super (uis)

Equation 5.20 can alternatively be written as

~J

" -
Hig = ﬁ; . (mtuit mfuif) ................... 7.4,

from the mass balance on the second stage

On substitution of equations 7.4.4 and 7.4.8 into 7.4.7
gives

1
C Ml o} e 7.4.9

.o o= { D
is D+exp(CMi)

MaHio
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The computer program using these equations for
predicting the model MWD's 1is given‘in Appendix AS.

Comparison of GPC and model predicted MWD's are
given in graphical form for runs 8-11 (see Figs. 7.4.1
- 7.4.16).

For runs 8-11 the final syrup MWD curves are 1in
excellent agreement. This reflects the power of the
modified Marquardt optimisation program (Appendix A3),
as it relies on the minimisation of the difference between
the GPC and model predicted weight fractions squared (see
equation 5.30).

For the final super's the agreement is not very
good. There is though a closer fit of the MWD's on the
lower molecular weight range.

The MWD's of the super IR are also in very good
agreement. This was to be excepted as Fig. 7.2.20 shows
that the first stage is well predicted and from equation
5.14 it is seen that this prediction is based on the
percentage dextrans present in the super IR.

For the sSyrup IR's the agreement is poor on the very

high molecular weight range.

7.5 A TEST OF THE BOLTZMANN EQUATION USING EXPERIMENTAL

DATA

For the first stage fractionation the Boltzmann

expression is given by:

mih Vi
—— = — exp(
mj ¢ vy TP

AM{
KT
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Fig. 7.4.1 Comparison of GPC and Model MWD's

300._
A = FIN SYR. MWD RUN 8 MODEL
v = FIN SYR. MWD RUN 8 GPC
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Fig. 7.4.2 Comparison of GPC and Model MWD's

240_

A = FIN SYR. MWD RUN 9 MODEL
210 7 = FIN SYR. MWD RUN 9 GPC
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. 7.4.3 Comparison of GPC and Model MWD's

WT.FRACTION

200
5 = FIN SYR. MWD RUN 19 MODEL
7 = FIN SYR. MWD RUN 10 GPC

160.

120 k-
80 K
40

2 : % ,
2 33 48 45 5

M.X10000
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Fig. 7.4.4 Comparison of GPC and Model MWD's

240.
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210 v = FIN SYR. MWD RUN 11 GPC
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WT.FRACTION

Fig.

7.4.5 Comparison of GPC and Model MWD's
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Fig. 7.4.6 Comparison of GPC and Model MWD's

215 A = FIN SUP. MWD RUN S MODEL
FIN SUP. MWD RUN 9 GPC
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Fig. 7.4.7 Comparison of GPC and Model MWD's
300._.
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Fig. 7.4.8 Comparison of GPC and Model MWD's
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Fig. 7.4.9 Comparison of GPC and Model MWD's
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Fig. 7.4.10 Comparison of GPC and Model MWD's
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Fig. 7.4.11 Comparison of GPC and Model MWD's
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Fig. 7.4.12  Comparison of GPC and Model MWD's

>
H

SUP IR. MWD RUN 11 MODEL
SUP IR. MWD RUN 11 GPC

<1
it

{

120

£ ARY

LIONA

f

A
o
=
&
£
&3
-1
<Q
e
3
£
2
il
et

BRI

H

WT.FRACTION




Fig. 7.4.13 Comparison of GPC and Model MWD's
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Fig. 7.4.14 Comparison of GPC and Model MWD's
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Fig. 7.4.15 Comparison of GPC and Model MWD's
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Fig. 7.4.16 Comparison of GPC and Model MWD's
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On substitution of the constants C and D (equations

and 5.6 respectively) gives:

mip _ 1 :
—= 5 exp(CMi) ........................... 7.5.1
and taking logarithms of the above equation gives:

In(ZEhy = oM.+ an(d) o 7.5.2
it * D
This is a straight line relationship if ln[mib/mit)
is plotted against Mi’ giving C as the slope and 1n(1/D)
_as the intercept.

Similarly for the second stage fractionation, the

expression obtained after repeating the above steps is:

In(ELEy o BM. o+ 1n(d) 7.5.3
m g *

This equation would yield E as the slbpe and
In(1/F) as the intercept when 1n(mif/mis) is plotted
against Mi'

Runs 8-11 were again used for this test. -Raw data
was provided by the GPC analyses; -The Boltzmann graphs
for the above runs are given in Figs. 7.5.1-7.5.8.

For the first stage fractionation (Figs. 7.5.1-7.5.4)
it is seen that the correlation coefficients are extremely
good, run 11 having a slightly lower value. For the
second stage runs 9 and 11 (Figs. 7.5.6 and 7.5.8) again
show good correlationcoefficients, runs 8 and 10 (Figs.

745.5-7.5.7) have lower values.

Fig. 7.5.9 shows that C values obtained from the

Boltzmann plots and model predictions are in very good

-126-

oy

Ay
AHFORMATION SERWSCES D .

H
=




SEMANTS NOUVNEDIRT m

FENI 5 Ve

CRRYI1>*> 1HII3M AVINIITION

o) @zl ©9I B8 Q@9 @ Q2 @

i §

[66°Q 4300 YOI —
oLy 1— X/e0'a ©

CIHIW/ATWD
uT “

S

8 NN NOILVNOILJOV
JOVILS LSAILd 204 LO071d NNVWZLTI09 | 'S L 9Id



966 Q@ 4300 IO
18y "2— *X220°0

O

BHAUBS ,m,a:.@amﬁmww .

Priagae

e
: i§
¥ LY

COBA1>> LHI9TIM dVINIITION

@.@N GMW_ @%— E_l Q_W“ G_@_ ®“® ®“© mmv

CHIW/AIWD
uT A

-tz

6 NNd NOILVNOILOVYA
JOVLS 1SdTH 2404 LOTd NNVWZLTIOE 2°'S° 4 9T

~1l2g.



PRSI B
w SHIAUFS NONYWIDIN w

CORB 1> LHOTIM AYINIITTONW

@pcopcopl eplepl ezl epl @8 @9 v 9z 9.

166 @ 4300 dAQQ —
g99°2— >*glg'g ©

CHIW/AITWD
YT

-129-

Lz

81 NN NOILVNOILJOVA
dOVIS LSATd d0d LOTTd NNVWZLT1I09 €°'S° 4L 914



8.6 0 4303 03

LEA E€E—- X|2A° 1

O

1 53308u35  HOLYWRION M B
3 . o {

Ao

COBQ1>> LH9IIM AVINIITION
05e 00c 051 a1 @S %

!IN‘.
CIIH/AIND
uT
-0
-2

1l NN NOILVNOILOVYS
JOVIS 1SdTd 04 1071d NNVWZLT109 +'S £ 9Id

-130-



! v TN
W SUDIANES FOH YISO m

(008 1>> LHOIIAN AVINOITIOW
@9 @S @y @ @z  al %
] ' i i

| - 1
! i

£B6 @ 4303 A¥0J CEIH/F WD
YT

6SS° 09— *y@l'a@ ©

-131-

8 NNa NOILVNILOVA
d9VI1S dNOJ3S 2404 1071d NNVWZLTI09 S°'S°' 4 9T4d



1 SED1AN3S NOUVWSDINT |

]

<008 1>> LHOTIM AVINOITIONW
@9 @S  er g€ @2 al 0
I ! ! i

1 1
! I

686 0 4303 AY0I _

CELW/ 41D
Or9 ' 0— X6¥1°0 &

CH,

-132-

6 NNad NOTLVNOILOVA
JOVLS dNOJ3S —b0d4 1LO071d NNVHWZLT109g 9°'S° 4 9T14d



P68 4300 Ay

%0 R

*9G5a8°Q

O

w%ai::;:%.
,wiggnuwzmﬁﬁimo%» ww

B

CRRBI>*> LHOTIAM AVINOITIONW

@l @8 @9 @y Qz
1 1 i I

@1 NNaJ NOILVNOILOVA
JOVI1S dNO33S d04 LO7Td NNVWZLTI09 £°S 4 9Td

lg CSIH/FIHD
uT

-

-133-



166 @ 4303 Add0D

BSe |- X160 °06

O

.j.Wwﬁiw%mﬁé@% m .
EH . 3

CRQA1>> LH9TIIM AVINIITIONW

@, @9 @S @y @c @z @l
i ] i 1

Pl NNd NOILVNOI LAV
JOVIS dNOJ3IS 204 1071d NNVWZLTIoO8 8°'S ' L

o> (WD

9Td

!
of
oy
—
!



. Fig. 7.5.9  Comparison of the C,D,E and F Constants

Run 8 9 10 11
C x 10°
Boltzmann Plot 3.68 2.18 1.92 2.10
C x 10°
Model Prediction 3.60 2.76 1.90 2.04
D
Boltzmann Plot 4.39 11.95 14.37 20.84
D
Model Prediction 6.57 14.06 10.45 16.57 s
]
Experimental 11.82 18.47 26.60 38.10 é
g
E x 10° =)
Boltzmann Plot 10.41 14.86 5.065 9.13
E x 10°
: 0.9 _
Model Prediction 35.70 43.30 10.90 11.90
F
Boltzmann Plot 1.75 1.91 4.49 3.86
F
. . 9. .
Model Prediction 18.46 50.13 4z 2.66
F
: . 9.18 | 17.6 ,
Experimental 12.67 0 16. 30
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agreement. However no comparison can be made for the

other three constants.

7.6 EFFECT OF P-PARAMETER ON THE MODEL PROGRAM

This work was carried out to investigate why the five-
parameter optimising program (Appendix A3) was predicting
poor results for run 13 and onwards, whereas it _ predicted
good results for the previous runs.

The laboratory experiments considered were runs
3,23,24,25,26 and 29.

Investigation was based on the values of the residual
sum of squares (R.S.S.) that were obtained when the
P-parameter was kept fixed Between values of 0.05 and
0.9. This was achieved by altering the program (Appendix
A3) from a five to a four-parameter optimisation keeping
the fifth parameter P fixed throughout the program.

Graphical plots of the R.S.S. against P values are
given in Figs. 7.6.1-7.6.6 for the above runs.

Fig. 7.6.1 shows a minimum around 0.3, the program
predicted a value of 0.33 which is comparable to the
experimental value, a minimum was also'found in Fig. 7.6.3
around 0.1 but this value differs from the experimental
value. The other figures show no minimum, explaining
why the program had difficulty optimising.

It was therefore necessary to use the four-parameter
Optimisation program b& keeping P fixed. Experience
from previous runs showed that parameter P was approximately
equal to the weight fraction of dextrans in the final

syrup plus 0.1. For runs 13-33 the P value was thus
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accordingly chosen.

7.7 EFFECT OF MOLECULAR WEIGHT RAISED TO DIFFERENT

POWERS IN THE MATHEMATICAL MODEL

Albertsson (108) showed that the particle surface
area was also responsible for distribution of protéin
particles between two phases. Assuming in the case of
dextran that the Stokes'radius or the volume was responsible

for précipitation, then from equation 3.1.33 the former

0.5

would be approximately proportional to M and the latter

to Ml's.

This work was therefore carried out to investigate
what Wt% dextran fractions the model would predict if M
in equation 5.2 was repiaced by 1) MO'S and ii) Ml's.

The five-parameter program (Appendix A3) was used
with data from run 3.

Fig. 7.7.1 lists the initial value of P, the syrup
IR and final syrup Wt% fractions and the R.S.S. for
0, 1i) M°*% ana 1ii) mb>,
1.0

i) Ml.

the Tesults are similar for the three

different P values. For MO’S two different P values give

For M

the same results with offset présent in both stages when
compared with experimental results, the other two P

1.
values giving high values of the R.S.S. For M > the

results are very poor.

7.8 CONCLUSIONS

(1) On the laboratory-scale ethanol fractionation the

results between the model predictions and experimental

-143-
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Fig. 7.7.1 Effecct of Molecular Weight Raised to

Different Powers in the Mathematical Model

Initial o o
\]v('llue O I—- Wt h) . . l‘l o . JQ. S. S .
P Syrup IR |[Final Syrup
0.20 57.61 32.68 19.50
1.0 o o
M 0.60 57.61 32.068 19.50
0. 70 57.01 32.68 19.50
0.20 66.64 22.51 2245 —y
0.22 46.99 39,19 22.70 e
y0-5 el
0.33 46,99 39,19 22.70
0.50 61.68 34.59 22866
0.20 77.03 18.35 50.50
Ml 0.25 -5734 3998 543
0.50 ~0.19 93.00 17380
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(i1)

(iii)

(iv)

(v)

(vi)

(vi1)

values are 1in very good agreement for both stages,
apart from the offset that is obtained in the final
syrup of about ten per cent.

The non-distillation of ethanol in the super IR
did not affect the offset obtained in the final
syrup; this is shown by the results of runs 13-18
(see Fig. 7.2.19).

There was no changé in the offset again. When
dextran T110 (Pharmacia Lot No.5404) was used as
syrup I instead of Fisons plant syrup I (Batch No.
RBES51K), refer to runs 30 and 31.

The four hours stirring on the two stages has shown

no difference in the amount of dextrans precipitated.

This is shown by runs 23-29 (Fig. 7.2.9).

The reproducibility of the experimental results is
excellent. This is shown by the above runs and
also supported by runs 30,31 and 32,33.

Comparison of GPC and Model predicted MWD's for

the final syrup and super IR are in'good agreement.
For the final super'and’éyrup IR the agreement is
poor on the high molecular weight side (see Section
7.4).

For the first stage fractionation, plots of the
Boltzmann equation are extremely good but runs 8
and 10 on the second stage show slightly poorer
results. There ié also a gobd agreement between

C values obtained from the Boltzmann plot and model

prediction (see Section 7.5).
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(iii) It was found that the parameter P had a significant

(ix)

effect on the optimisation program. It was there-
fore necessary to keep P fixed and optimise the
remaining four parameters. The model predictions
were in good agreement with experimental results
(see runs 13-33).

On the effect of molecular weight raised to powers
of 0.5 and 1.5, 1t can be concluded that MO'5 would
present an offset 1in both stages as well as
difficulty in optimiéing the model equation. The

5

relationship of Ml' has not produced any encoura-

ging results.
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8.0 INDUSTRIAL-SCALE ETHANOL FRACTIONATION OF DEXTRAN

8.1 INTRODUCTION

The objective of this work was to compare the
mathematical model predictions obtained from analytical
analyses of twenty three industrial plant batches with
the actual plant results.

Dextran samples were collected from ten batches
processed during the early months of 1982, thirteen
more batches processed a few months later were also
collected.

The industrial hydrolysis and fractionation proce-
dures will be menticned briefly in this Chapter.

All the samples in this Chapter were analysed on

Aston's GPC system.

8.2 INDUSTRIAL HYDROLYSIS AND FRACTIONATION

(1) Hydrolysis

Native dextran is subjected to partial acid hydro-
lysis to split the high molecular weight material into
smaller fragments. The hydrolysis is carried out by
adding hydrochloric acid in a two-phase system according
to U.K. patent 1,143,784.

When the specific gravity (SG) falls below 1.0
indicating the lower phase has been completely hydrolysed
with the bulk temperature of the settling vessel contents
at ZSOC, hydrolysis is stopped.

After the contents have been stirred for 20 minutes,
& sample is submitted for an average intrinsic viscosity

(AIV) check to ensure hydrolysis is complete to the
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desired end point. Hydrolysis is continued if necessary
until AIV 1s reduced to a satisfactory value for the
required clinical dextran.

The entire contents are then circulated from the
hydrolysis vessel to a mixing vessel fitted with a
suitable stirrer.

The hydrolysate is then neutralised with SN sodium
hydroxide solution in the mixing vessel to give a pH

value of about 5.5.

"The hydrolysate 1is then transferred to one of two
fractionators A (or B) by a pump (Fig. 8.2.1). The con-
siderable quantity of hydrolysate trapped in the vertical
pipe lines is easily cleared by using compressed air.

A small quantity of pyrogen-free (P/F) water is metered
into the hydrolysis vessel and then transferred to the
fractionator, in order to further clear out the transfer
line. The hydrolysate volume is recorded.

(ii) Fractionation

A sample of the hydrolysate is taken into the
laboratory to measure its SG and optical rotation. From
this the weight of dextran present is calculated.

The batch is fractionated in order to discard unwanted
high molecular weight and low molecular weight material
Present in the hydrolysate leaving a narrow MWD product
suitable for clinical use.

The scheme and noﬁenclature employed is shown in
Fig. 8.2.2. Also shown are the approximate Wt% fractions

Tequired for a dextran Mw 40,000 final product.
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Fig. 8.2.2 Plant Fractionation Scheme
Hydrolysate
Ethanol Ethanol
80-85% 20-15%
Syrup 1 Super 1
(100%) (100%)
Ethanol
25% 75% 90% 10%
Syrup IR Super IR Syrup I1 Super II
50% 25%
Final Ethanol
Final g
Syrup uper
y (100%)
90% 10%
Syrup III Super III
Syrup IR = Transferred to hydrolyser
Syrup II & III » Transferred to iron dextran plant
Super II & III - Transferred to distillation plant for
ethanol recovery ‘
Final Syrup » Final product - Spray drying plant
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80-85% of the hydrolysate dextrans have to be
fractionated to give the syrup I. This is achieved by
adding 85% w/v ethanol to the hydrolysate whilst being
stirred, a two-phase mixture results. The fractionation
is carried out at a constant temperature of 25°C.

A sample of the above soluticn in a two litre flask
is taken into the laboratory and kept for half an hour
in a.water tank also at 25°C. After half an hour a
clear supernatant (top layer) sample can be taken (equiva-
lent to super I) to measure its SG and optical rotation
so that the weight of dextrans which will be in the main
bulk of super I can be predicted.

If necessary, more ethanol (or P/F water) is added
to achieve the target fractionation.

A known weight of water is pumped into the weigh

5%
20

vessel (Fig. 8.2.1); this is normally about 10% of the
expected syrup I weight. This is about 2.5 (taking

ethanol/water into account) times the Syrup I dextran

[r2d
R
L¥al
=
“
¥
<X
by
S
—
sl

weight. The weigh vessel water is used to reduce the
viscosity of syrup I when drawn from the fractionator.
The lower viscosity reduces the tendency of the syrup I
to stick to the weigh vessel side walls and makes it
more readily transferable by pump.

After four hours the syrup I is drawn into the weigh
vVessel via a quick release valve. An inspection hatch
in the weigh vessel 1id gives access to a chute down which
the syrup I is discharged; this enables detection of the
SYyrup I/super I interface and subsequent use of the quick

Telease valve to shut off the flow.
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Measurements of the Syrup I weight are taken, the
actual amount of dextrans fractionated as syrup I is
then calculated from SG and optical rotation measurements.

The syrup I is then pumped to the second fraction-
ator and diluted with P/F water, Hyflow Supercell (filter
aid) is also added at this stage. The sSyrup I is pumped
through a Calmic filter (of the candle type) and then back
to a fractionator.

The filtered solution of the Syrup I dextran is
adjusted to 8% w/v by the addition of a calculated amount
of P/F water.

Ethanol is added until a visual '"cloud point" is
reached which based on operative experience will yield the
called for amount of syrup IR from syrup I. A sample is
taken in a two litre flask and allowed to settle for 45
minutes in a constant water bath at 25°C. Measurements
of the SG and optical rotation are taken for the sample
super IR to determine the weight of dextrans present, to
assess if the fractionation process is yielding the target
amounts of dextran in each phase.

If necessary, more ethanol (or P/F water) is added
to the bulk to achieve the target fractionation. The
Syrup IR is drawn off into the weigh vessel after allowing
8-10 hours settling time.

The other fractionations are carried out in a similar
way, i.e. a sample is taken into the laboratory, then
aft¢£~45 minutes measurements of the SG and optical
TOtation on the supernatant are made to calculate the

Percentage dextrans fractionated.
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The dextrans of syrup II and III are used in the

manufacture of other dextran based products.

§.3 COMPARISON OF PLANT RESULTS WITH PREDICTIONS OF

THE MODEL

§.3.1 PLANT SAMPLES RB 8L/40-SL 17L/70

During this research work instead of using a double
fractionation procedure to obtain clinical dextrans, the
samples collected were processed by performing triple
fractionations, i.e. the optional extra fractionation of
a syrup IR and super IR stage II was introduced (see Fig.
8.3.1) defined as a triple fractionation.

The ten batches processed during early 1982 were
all triple fractionations.

The mathematical model is based on a double fraction-
ation process (Fig. 7.1.1) and therefore needs modifica-
tion before applying to triple fractionation data. A
simple solution to the problem was instead of using the
input data of syrup I and final syrup analyses (as for
double fractionationj, input data from syrup I and
syrup IR stage II analyses can be used; it is also possible
to use the data from Super IR stage I and final syrup
analyses; this is easily justified by referring to Fig.
8.3.1 since they are separated by two stages.

For the above ten batches the sample super IR stage I
Was not collected. Model predictions could therefore
only be made by using input data from syrup I and syrup

IR stage II analyses.
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Fig. 8.5.1 Block Diagram of the Improved Plant’

Fractionation; Triple Fractionation

Syrup I
Syrup IR Super IR
Stage 1 Stage I
Syrup IR Super IR H
Stage II Stage II
Final Final
Syrup Super
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The results of the weight average molecular weights
and polydispersity of the ten batches analysed at Aston
are given in Figs. 8.3.2 and 8.3.3.

Figs. 8.3.4 and 8.3.5 lists the batch numbers,
the volume ratios of super to syrup and the Wt$% fractions
achieved for syrup IR St I, super IR St I, super IR St II
and syrup IR St II. The model predictions are listéd in
Figs. 8.3.6 and 8.3.7.

Model predictions could not be made on batches
SL 9L/70 and RB 10L/40 due to the lack of sample syrup IR
st II.

Of the ten batches only RB 8L/40 agreed reasonably
well with the model predictions. The model prediction
for this batch on the Wt% Syrup: IR stage II separated
is about 11% greater than the actual plant result. This
degree of offset is similar to that found in the labora-
tory-scale experiments (see Section 7.3).

For some of the other batches, the model has pre-
dicted yields of up to 200% and negative volume ratios;
this is theoretically not possible. Four possible expla-
nations for this discrepancy could be i) not enough time
may have been allowed for the syrup IR stage I to settle
in the fractionator before being drawn off; ii) the
incapability of the GPC packing to accurately analyse
the very high molecular weight dextrans. It should be
noted here that the samples syrup I and sSyrup IR stage II
have large proportions of these very high molecular
weight dextrans; i1ii) due to the partially deteriorated

GPC columns; iv) due to the leaking pump-head on the

dnalytical GPC system.

-1§5~-

§OTURMALION SERVICES ]




Fig. 8.3.2 Results of the Analytical GPC Analyses
Batch RB 8L/ SL 9L/ RB 10L/ SL.11L/ RB 12L/
Number 40 70 40 70 40

Syrup I| Mw | 163383 267882 157942 250307 164718

D 9.15 12.20 9.88 8.76 10.63
Syrup IR Mw [1119048 1039890 986015 926367 863238

St I

D | 49.99 15.25 44.16 19.05 32.87

Mw | 364207 - - 375553 107792
Syrup IR

St I1I _

D 10.70 - - 6.61 2.58
Super IR M 33142 59252 - 55340 34336
.St II

D 2.73 3.61 - 2.76 2.27
Final Mw 7827 16505 10215 16335 14751
Super

D 2.08 3.01 2.00 3.08 2.42
Final Mw | 38693 66598 36013 66863 37471
Syrup

D 1.76 2.00 1.78 2.32 1.61
S
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Fig. 8.3.3

Resultswof.the»Analytical'GPC Analyses

Batch RB13L/ RB 14L/ SL.15L/ SL.16L/ SL.17L/
Number 40 40 70 70 70
Syrup I Mw 79193 122304 238936 92674 333984

D 5.09 7.59 7.33 3.35 10.26
Syrup IR Mw | 642779 1016319 1413914 701652 1375328
St I
D 28.03 24.75 20.31 8.85 19.12
Mw | 98392 74013 137139 254266 548340
Syrup IR
S8t IT |
D 3.38 2.70 2.38 6.45 7.29
Mw | 33584 344732 61974 - 68703
Super IR
St II
D 2.51 2.17 2.85 - 2.85
Mw| 21903 12694 17151 24499 18070
Final ‘
Super ) 2.78 2.19 2.29 2.99 1.67
. Mw | 35686 34172 64584 68601 75198
Final
Syrup ,
) D 1.63 1.78 1.90 1.94 1.99
\
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Fig, 8.3.4

Actual Plant Results

Batch Number RBSL/ | SLOL/ |RBIOL/ | SL11L/ |RB1ZL/
40 70 40 70 40

D .

Vol.of Super IR St I ,

Vol.of Syrp TR 5t 1 26.78 23.00 13.14 22.90 29.34
F

Vol.of Super IR St II < a -

Vol.of Syrwp IR St 1I 35.25 45.81 49,89 15.68 29.31

Wt% Syrup IR St I 11.06 16.21 13.33 14.70 13.87

Wt Super IR St I 88.94 83.79 86.67 85.30 86.13

Wt% Super IR St II 76.21 76.36 73.94 68.88 71.45

Wt% Syrup IR St II 12.73 7.43 12.73 16.42 14.68
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Fig. 8.3.5 Actual Plant Results
RB13L/ |RB 14L/ |SI715L/ |:SL.16L/ | SL.17L/

Batch Number 40 40 70 70 70

D
Vol.of Super IR St I .
Vol of Syrop TR 5t T 11.92 29, 85 19.03 39.48 19.01

F
Vol.of Super IR St II -
Tolors RS T 74.98 61.76 45.40 [235.90 115.80
Wt% Syrup IR St I 14.06 15.42 15.64 10.77 16.83
Wt% Super IR St I 85.94 84,58 84,36 89.23 83.17
Wt% Super IR St II 80. 32 77.46 66.91 87,37 70.37
Wté Syrup IR St II 5.62 7.12 17.45 1.86 12.80
L
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Fig..8.3.6

Results of the Mathematical Model Predictions

RB8L/ | SL 9L/ {RB10L/ | SL11L/ |RB.12L/
Batch Number 40 70 40 70 40
C x 10° - 1.51 - . - 1.61 |- 2.10
D 6.39 - - 0.08 0.13
E x 10 0.20 - - 0.003 0.86
F 10.64 - - - 0.82 2.85
P 0.24 - - 1.20 0.23
Wt% Syrup IR St I 8.01 - - 71.04 | 70.56
Wt% Super IR St I 91.99 - - 28.96 | 29.44
Wt% Super IR St II | 68.03 - - -91.93 3.90
Wt% Syrup IR St II 23.96 - - 120.89 | 25.54
- .
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Fig. 8.3.7

Results of the Mathematical Model Predictions

e

RB13L/ |RR14L/ |SL 15L/ |SL 16L/ |SL 17L/
Batch Number 40 40 70 70 70
¢ x 10° - 2.5 |- 3.28 | -3.13 |- 1.38
D 0.03 0.04 | 22.32 0.08
E x 10° 0.007| 0.005| 0.32 0.54 |
o«
F -0.91 |- 0.95| 7.64 |- 0.58 | O
o
wi
P 0.73 1.97 | 0.46 0.22 |
‘ @)
b
‘ po)
Wt$ Syrup IR St I 88.11 | 79.05 | 1.12 | 79.01| ©
>
i
Wt Super IR St I 11.89 | 20.95 | 98.88 | 20.99
=
<<
o
Wt} Super IR St II | -63.64 |-181.23 | 46.87 |- 1.33 | &
[a s
. Q.
Wty Syrup IR St IT | 75.53 | 202.18 | 52.01 | 22.32 l
R
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§.3.2A TEST OF THE BOLTZMANN EQUATION USING PLANT DATA

Pig.b8.3.8 shows the results of the Boltzmann equa-
tion; the méthod and equations used to derive the results
are given in Section 7.5.

Values of the parameters C and D could not be obtained
from the Boltzmann equation due to absence of the sample
super IR St I, i1.e. Boltzmann plots for the first stage
were not possible.

For the second stage, Boltzmann plots for batches
SL 9L/70, RB 10L/40 and SL 16L/70 were again not possible
due to the absence of samples syrup IR St II and super
IR St II. For the remaining batches the correlation
coefficient values are quite good with the exception of
batch SL 15L/70 having a marginally lower value. The
slope of the second stage Boltzmann plot is equal to the
parameter E. When comparison 1s made with the model
predicted E value only batch RB 8L/40 has similar values.
The intercept of the Boltzmann plot is equal to ln(l/FL,
the F values obtained from the Boltzmann plot, model
prediction and the plant do not agree with each other
(see Fig. 8.3.9).

Four batches showed good correlation coefficients
for the third stage (final syrup and final super). Some

of the B values were not so good (see Fig. 8.3.8).

8.3.3 PLANT SAMPLES RB 35L/40 - RB 59L/40

These thirteen batches processed during late 1982
were also all triple fractionations with the exception of

a double fractionation on batch RB 35L/40.
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Fig. 8.3.8

Results of the Boltzmann Equation Plots

Syrup IR St II and

Final Syrup and

Batch Super IR St II Final Super
Number Slope Inter- Slope | Inter-
g x 10° cept 8 x 10° cept
RB4gL/ 0.996 | 1.978 |-3.056 | 0.977 |16.161 | -0.861
SL 9L/ _ - - 0.914 7.348 | -1.104
70
RB 10L _ - - 0..979 9.989 | -0.940
40
fﬂ”%fL/ 0.991 | 1.076 |-2.608 | 0.912 7.187 | -0.564
UL 00983 | 2,197 |-2.867 | poOR ~ -
RB4%?L/ 0.990 | 1.451 |-3.490 POOR - -
Iu’jfL/ 0.994 | 1.679 |-3.319 | 0.924 |10.076 | -0.941
Eﬂ’%fL/ 0.942 | 0.738 |-2.228 | 0.956 | 9.705 | -1.758
SL 161/
iy i _ _ POOR - -
SL 171
0™ 00960 | 0.649 |-2.700 | 0.984 | 7.56 | -0.97

~163-

s




Fig. 8.3.9 Comparison of the E and F Constants

Batch Ex 10 | x 10° P I F
Boltzmann | Model Boltzmann |  Model

Number Plot Prediction |~ Plot Prediction Plant
kB B/ 0.198 | 0.200 21.24 10.64 | 35.25
'5L78L/ _ _ - - 45.81
RB%%OL/ _ - - - 49. 89
S??élL/ 0.108 | 0.003 13.57 | - 0.82 | 15.69
P 0220 | 0860 17.58 2.85 | 29.31
RB#(I)SL/ 0.145 0.007 32.79 - 0.91 74.98
RB454L/ 0.168 0.005 27.63 - 0.95 61.76
SLASL/ 16 074 | 0,320 0.28 7.64 | 45.40
Sy7éah/ i 0. 540 _ - 0.58 |235.90
S;%é7L/ 0.065 - 15.01 - 115. 80

-164-




The samples collected were super IR St I (syrup I
for batch RB 35L/40) and final syrup. Model predictions
could now be obtained by'using input data - from super IR
5t I and final syrup analyses (see Section 8.3.1).

Fig. 8.3.10 lists the results of the weight average
molecular weight of final syrups analysed at both the
Quality Control Department (96) and on Aston's analytical
GPC system using calibration "CDSE". A reasonable
agreement 1s obtained between the two GPC systems with
the exception of batch SL S6L/70.

Fig. 8.3.11 lists the batch numbers, weight average
molecular weights and polydispersity of syrup I, super IR
St I and final syrup. For batch RB 35L/40 there was no
IR St II performed as this was a double fractionation
batch.

For simplicity the sample syrup I of batch RB 35L/40
will be referred to as super IR St I.

Figs. 8.3.12-8.3.14 lists the batch numbers, the
volume ratios of super to Syrup and Wt% fractions achieved
for syrup IR St II, super IR St II, final super and
final syrup.

The model predictions are listed separately in
Figs. 8.3.15-8.3.17. Due to the optimising difficulty
of the five-parameter optimisation program (Appendix A3),
model predictions were obtained by keeping P fixed and
Optimising the remainihg constants (C,D,E and F).

The plant results of the Wt% dextran fractions are
Plotted against model predictions in Fig. 8.3.18§ for

the first fractionation (Syrup IR St II) the two sets of
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Fig. 8.3.10 Results of Final Syrup My Analysed at
Aston and Fisons GPC Systems

Final Syrup My
Batch o
* Number Difference
Aston Fisons Q.C.
Analyses Analyses
RB 351/40 42529 42216 + 0.74
RB 36L/40 46031 46487 - 0.98
RB 37L/40 37912 41192 - 7.96
Repeat 38327 41192 - 6.96
RB 38L/40 46363 45396 + 2.13
RB 50L/40 40619 42028 - 3.35
RB 51L/40 41746 43909 - 4,93
SL 53L/70 65064 66037 - 1.47
RB 54L/40 44376 46665 - 4.91
RB 551,/40 42320 43741 - 3.25
SL 56L/70 74582 90742 -17.81
Repeat: 76868 90742 -15.29
RB 571./40 40428 43271 - 6.57
Repeat 41370 43271 - 4.39
RB S8L/40 41558 42471 - 2.15
RB 59L/40 42255 1 42489 - 0.55
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Fig. 8.5.11 Results of GPC Analyses on Plant Batches
RB_35L/40 - RB 59L/40

Syrup 1 Super IR St I Final Syrup
Batch
Number i B i 5 i 7
W W w

RB 35L/40| 119166 6.86 - - 42529 1.84
RB 36L/40 - - 45828 2.26 46031 1.68
RB 37L/40 - - 41508 2.48 37912 1.70.
RB 38L/40 - - 62424 3.56 46363 1.78
RB 50L/40 - - 42572 2.40 40619 1.68
RB 51L/40 ~ - 50559 2.78 41746 1.75
SL 53L/70 - - 89856 3.18 65064 1.80
RB 54L/40 - - 50160 2.77 44376 1.83 -
RB 55L/40 - - 78301 4.31 42320 1.84
SL 561./70 - - 124786 4,38 74582 2.05
RB 571./40 - - 53059 | 2.80 40428 1.71
;;_;SL/4O - - 45595 2.66 41558 1.82
RB 58L/40 - - 41312 2.38 42255 1.77
—
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Fig.

8.3.12

Actual Plant Results

RB 35L/|RB 36L/{RB 37L/|RB 38L/|RB 50L/
Batch Number 10 40 10 10 50

D
Vol. of Super IR St II| 50.04 76.19 75.66 65.98 47.27
Vol. of Syrup IR St II

F
Vol. of Final Super 14.44 13.06 13.75 13.24 18.00
Vol. of Final Syrup
Wt% Syrup IR St II 10.45 6.10 5.98 7.65 13.59
Wt% Super IR St II 89.55 93.90 94.02 92.35 86.41
Wt% Final Super 19.50 27.60 23.97 27.12 21.00
Wt% Final Syrup 70.05 66.30 70.05 65.23 65.41
S
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" Fig. 8.3.13 ‘Actual Plant Results

RB 51L/|SL 53L/|RB S4L/| RB SSL/| SL 56L/
Batch Number 40 70 10 40 70

D
Vol. of Swer IR St 11 | 49.80 | 37.73 | 36.94 | 30.51 | 45.36
Vol. of Syrp IR St 11

F
Vol. of Final Super
T BT 13.06 | 14.18 | 15.88 | 15.77 | 10.47
Wt Syrup IR St II 10.79 | 15.03 | 15.47 | 19.05 | 11.42
Wt Super IR St II 89.21 | 84.97 | 84.53| 80.95| 88.58
Wt$ Final Super 8.10 | 11.99 | 17.93| 9.68 | 11.15
Wt Final Syrup 81.11 | 72.98 | 66.60 | 71.27 | 77.453
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Fig. 8.3.14 Actual Plant Results
RB 57L/|RB S8L/|RB 59L/
Batch Number 10 10 10

D
Vol. of Super IR St II1| 48.15 90.88 23.96
Vol. of Syrup IR St II

F
Vol. of Final Super 16.94 14.28 14.41
Vol. of Final Syrup
Wt% Syrup IR St II 25.47 9.52 20.70
Wt% Super IR St II 74.53 90.438 79.30
Wt% Final Super 9.84 11.93 15.81
Wt% Final Syrup 64.69 78.55 63.49
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Fig. 8.3.15 Results of the Mathematical Model Predictions
Batch Number RB485L/'RB486L RB487L/ RB488L/ RB480L/
¢ x 10° 2.18 | 1.79 | 2.18 | 1.57 | 2.27
D 99.50 |30.56 |31.03 |34.67 |22.74
£ x 10 1.87 | 1.60 | 2.88 | 1.30 | 2.20
F 5.43 5.63 8.54 5.56 8.30
Fixed Value of P 0.78 0.76 0.80 0.70 0.73
Wt$ Syrup IR St II| 7.38 8.90 |10.01 7.56 |13.18
Wt% Super IR St II[92.62 |[91.10 [89.99 |[92.44 |86.82
Wt% Final Super 14.84 |14.99 |10.03 |22.28 |13.81
Wt% Final Syrup 77.78 |76.11 |79.96 |70.16 |73.01




Fig. 8.3.16

Results of the Mathematical Model Predictions

Batch Number  |RB, 511/ SL783L/ RB4g4L/ RB485L/ SL736L/
C x 10° 3.67 | 1.50 | 1.94 | 3.41 | 0.97
D 533.73 [31.32 [19.41 |111.17 |31.39
£ x 10 s.46. | 2.34 | 1.91 | 4.34 | 1.14
F 31.47 |12.49 | 6.22 |19.21 | 1.22
Fixed Value of P | 0.90 | 0.80 | 0.71 | 0.81 | 0.82
Wt$ Syrup IR St I1| 5.94 |12.86 |14.90 |13.19 |10.71
Wt% Super TR St II1|94.06 |87.14 [85.10 |86.81 |89.29
Wt Final Super 5.14 | 7.52 1411 | 7.54 | 5.1
Wt% Final Syrup 87.92 79.62 70.99 79.27 84.13
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Fig.

§.3.17

Results of the Mathematical Model Predictions

| RB 57L/|RB S58L/|RB 59L/

N

Batch Number 10 10 40
5

C x 10 2.92 | 2.86 | 0.77

D 24.41 |248.17 | 5.33
4

E x 10 3.74 | 3.01 | 2.25

F 15.76 | 9.75 | 6.08

Fixed Value of P 0.73 0.85 0.69

Wt$ Syrup IR St II| 20.26 | 4.64 |20.81

Wt$ Super IR St II| 79.74 | 95.36 |79.19

Wt% Final Super 7.59 10. 84 9.73

Wt% Final Syrup 72.15 | 84.52 |69.46

SN
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results are 1n reasonable agreement. The slope and the
correlation coefficient values are marginally lower than
the ones found in the laboratory experiments (see Section
7.3).

For the second stage (final syrup) the two sets of
results are 1n very good agreement but an offset of
approximately eight per cent is present, the model
predicting more than the actual plant results. This degree
of offset was also found in the laboratory experiments

(see Fig. 7.2.20).

8.4 CONCLUSIONS

(i)  On the plant batches RB 8L/40-SL 171/70 the
compaiison of model predictions with the actual plant
results was poor with the exception of batch RB 8L/40.

Possible explanations for the poor agreement could
be that not enough time may have been allowed for the
syrup IR 8t I to settle in the fractionator before being
drawn off (this will be discussed in Chapter 9.0). Also
there were problems with the analytical GPC system (see
Section 8.3.1).

Anoﬂﬁﬂ'pOSSible explanation could be the large amount
of very high molecular weight dextrans present especially
in the syrup IR St II sample.

(ii) For the second stage fractionation (batches
RB 8L/40 - SL 17L/70), results of the Boltzmann equation
plots are very good. For the third stage (final super
and final syrup) only four batches had reasonable corre-

lation coefficient values.
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(iii) For the plant batches RB 35L/40 - RB 59L/40
the comparison of model predictions with the actual plant
results on the first fractionation (syrup IR St II) is
reasonable. The comparison on the second stage (final
syrup) between the results is very good.

One of the disadvantages of these plant samples is
that the Wt% dextran fractions are grouped together in
their prospective regions. This can be seen from Pig.
8.3.18. The Wt% syrup IR St II is grouped together in
the 5-20 Wt% region whereas the Wt% final syrup is grouped
together in 60-80 Wt% region making a true comparison

difficult over the entire region.
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9.0 SETTLING OF DEXTRAN MOLECULES

9.1  INTRODUCTION

.On the chemical plant bulk drawing of syrup IR St I is
made after 6 hours and the final drawing 2 hours later;
the syrup IR St II is drawn after 16 hours.

This work was carried out to investigate the settling
of dextran molecules on precipitation and whether equili-
brium was achieved in the set time.

The following fractionation processes were sampled.

(1) Syrup I precipitation of batch SL 28M/70.
(ii) Super IR St I precipitation of batch SL 36M/70.
(iii) Syrup I precipitation of batch RB 56M/40.

It should be noted here that the first two batches
were aimed at producing a clinical dextran of 70,000 weight
average molecular weight whereas the last batch is aimed
for 40,000 Mw clinical dextran.

All the samples in this chapter were analysed on the

Aston University GPC system.

9.2 SETTLING OF BATCH SL 28M/70
- Samples were collected during syrup I ethanol

fractidnation using a sampling can (Griffin and George Ltd;
Alperton, Middlesex).

The samples were collected from three different depths,
these were 1.1, 2.1 and 2.6 m below the liquid surface.
At 1.1 and 2.1 m sampling was done every hour until the
Syrup IR St I was drawn into the weigh vessel after 6
hours. For the 2.6 m depth sampling was done every half

hour for the first 3 hours, then every hour for the
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remaining 3 hours.

The dimensions of the fractionator and sampling points
are shown in Fig. 9.2.1. Fig. 9.2.2 shows the M, results
of the GPC analysis. Fig. 9.2.3 is a graphical plot of the
weight average molecular weights for the samples collected
against settling time. It can Ee seen from Fig. 9.2.3 that
the samples have not settled to equilibrium with respect
to molecular weight, i.e. fractionation had not been
completed and that some of the high molecular weight syrup
was still present 1n the supernatant phase when the syrup
was drawn.

The sharp increase in the MW after 5 hours for the

2.6 m depth was due to the syrup/super interface. This is

also supported by the following calculation:

Syrup IR St I drawn into weigh.vessel = 2650 kg

Assuming density of syrup as 1150 kg/m3

Volume of syrup = i?gg m® = 2.3 m°

Since the volume of the cone section is 15 ms, the syrup was
entirely contained in the 45° cone. Equating the syrup
volume with the volume equation for a 45° cone, the syrﬁp
height was calculated to be 1.3 m, i.e. 2.7 m below the
liquid surface, which is very close to the deepest sampling
point. -

Fig. 9.2.4 is a graphical plot for the Wt % above a
moleéular weight of 150,000 against settling time. The

Wt % above a molecular weight of 400,000 graph is shown

in Fig. 9.2.5.
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Diagram of Sampling Points for Batch SL 28M/70
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Fig. 9.2.2  My's for Batch SIL 28M/70 Measured by TSK-
GPC System at Aston
S ] e Weight Averace Molecular Weight
Sample of Samples at Depth
Time
e
(Trours) L. 1Im 2.1m 2.0m
O
Stirred 228265 228265 228265
Sample
0.5 - - 231816
1.0 235923 228251 214275
1.5 - - 221553
2.0 214608 218937 240109
2.5 - - 224181
5.0 160962 214546 208467
4.0 - - 189955
/\na]ySiS _ _ 2032473
Repeated ( )
5.0 128114 175578 178346
[\Hﬂl‘\'SiS‘ _ _ (194891)
Repeated '
6.0 929306 97190 493531
Analysis ) - (547738)
Repeated

My of Syrup IR St I =

776054
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From the above two figures it can be seen that the
supernatant has not come to equilibrium after 6 hours even
at the 1.1 m depth.

To provide further information two more fractionations
were sampled which were allowed longer settling times

(see Sections 9.3 and 9.4).

9.3 SETTLING OF BATCH SL 36M/70

Samples were collected during super IR St I ethanol
fractionation; a settling time of 24 hours was allowed.

Samples were collected from two different depths,
0.5 and 2 m below the liquid surface. At 0.5 m sampling was
performed every hour for the first 4 hours, then every 2
hours until the syrup IR St II was drawn into the weigh
vessel. For the 2 m depth sampling was performed every
hour for the first 4 hours, then every 4 hours for the
remaining 20 hours. The sampling points aré shown 1in
Fig. 9.3.1.

Fig. 9.3.2 shows the My results of the GPC analysis.
Fig. 9.3.3 is a graphical plot of the M,'s for the samples
collected against éettling time. This figure shows that
equilibrium has been established after approximately 13
hours at both depths. Fig. 9.3.3 shows.that at equilibrium
there is a small difference between the Mw's for the two
different depths. This difference will be looked at
statistically by considering what is the probability that
the results obtained could arise by chance from the same
parent source, i.e.''is there a significant difference

between the two results?"
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g, 90302 M 's for Batch SI 30M/70 Measurcd

by

S £ My 's fon
GI’'C System at Aston
Sample Weight Average Molecular
o Weight of Sampnles at Depth
Time
(Hours)
0.5m 2m
0
Sti > d -
Saégii 70517 70517
1 70387 70701
2 69826 68936
3 66318 69821
4 61589 69522
0 62332 -
8 061722 67846
10 60404 -
12 59445 61135
16 60286 60635
18 59617 -
20 60530 61287
22 60289 -
24 59509 61029
My of Super IR St II = 58971
My of Syrup IR St II = 197630
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There are a very 1érge number of different statistical
tests (130), each test being designed to deal with a certailn
type of situation. For this experiment the 'Student's' t
Test was chosen since this has the purpose of comparing a
random sample consisting of 3 or more measurements with a
large parent group whose mean is known, but whose standard
deviation is not known.

The method is based on making a tentative negative
assumption that there is no significant difference between
the mean of the sample group and the mean of the large
parent group, and the probability of this Being the case 1s
" determined by calculating the value of 'Student's' t, and
referring this answer to the 'Student's' t Table.

The 'Student's' t value is calculated from the following

formula:
Y S -1 e eaeeeeaaa.. 90301
s.d
where
n = number of measurements in the sample group
51 = mean of the large parent group
52 = mean of the sample measurement
s.d = standard deviatibn of the sample measurements

Over many years, the following probability levels have
been used satisfactorily by statisticians.

If the observed difference is likely to occur by
chance with a frequency of more than once in 20 times, it
is not accepted as being a significanf difference. Any
probability larger than 5% is considered insufficient to

deny the tentative assumption that the results have
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stemmed from the same source. This situation can be des-
cribed as 'significant difference not proven'.

If the observed'difference could be expected to occur
by chance only once in 20 times, which is a probability
of 5%, this is considered to be unlikely to be due to chance.
Differences showing this probability level are generally
said to be probably significant.

If the observed difference is only to be expected as
a result of chance once in 100 times, which is a probability
of 1%, it must be admitted that the likelihood of the no-
difference assumption being correct is, in fact, very
unlikely. The verdict here is that the difference is
significant.

For this batch the 'Student's' t value was calculated

as follows:

n Time My
(hours) 0.5m 2m 2m-0.5m (az)
1 16 60286 60635 349
z . 20 60536 61287 751
3 24 59509 61029 1520

The parent mean discrepancy value aq is assumed to be zero.

n = 3
51 = 0
a2 = 873.33

s.d= 595.01

From equation 9.3.1

_ V/3.]0-873.33] _ 5, o4
t T sgsiol '
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From the 'Student's' t Table, the probability value
obtained is greater than 10%.  The observed difference 1s
now likely to occur by chance with a frequence of more
than once in 10 times. It is therefore accepted that
there i1s no significant difference in the two results.

Fig. 9.3.4 is a graphical plot for the Wt% above
molecular weight of 60,000 against settling time. The Wt5
above molecular weight of 150,000 graph is shown in Fig.
9.3.5.

The above two figures also show that equilibrium 1s
established after 13 hours at both depths. As before there
is a small difference at equilibrium for the two depths in
Figs. 9.3.4 and 9.3.5.

Applying the 'Student's"™ t test to calculate the
probability of no significant difference between 51 and 52,

the results of Fig. 9.3.4 will be looked at first and

Fig. 9.3.5 secondly.

n Time Wt% above molecular weight 60,000
(hours) 0.5m Zm 2m-0. 5m (az)

1 16 33.02 33.35 0.33

2 20 33.20 33.20 0

3 24 32.57 33.28 | 0.71

The parent mean discrepancy value a, 1s assumed to be zero.

n = 3
a1 = 0
Z _ .
a, 0.34
s.d = 0.355
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From equation 9.3.1

- ¥/3.]0-0.3471]

to= 0.355

= 1.69

From the 'Student's' t Table, the probability value
obtained is greater than 10%, the two results are therefore

not accepted as being significantly different.

For the results of Fig. 9.3.5.

n Time Wt% above molecular weight 150,000
(hours) 0.5m 2m 2m-0.5m (az)

1 16 5.57 5.49 -0.08

2 20 , 5.47 5.79 0.32

3 24 5.27 5.66 0.39

The parent mean discrepancy value 51 is assumed to be zero.

n = 3
51 = 0
a, = 0.21
s.d = 0.254

From equation 9.3.1

/3.]0-0.21] . .43

t 0. 254

The probability value obtained is again greater than
10%, i.e. the two results are not accepted as being

b

significantly different.

9.4 'SETTLING OF BATCH RB 56M/40

Samples were collected during syrup I ethanol
fractionation; a settling time of Z4 hours was allowed.
Samples were collected from two different depths,

0.5 and 2m below the liquid surface. At O0.5m sampling
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das performed every hour for the first 4 hours, then every
. hours until the sSyrup IR St I was drawn into the weigh

L

{essel. For the 2m depth sampling was performed every

pour for the first 4 hours, then every 4 hours for the

gemaining 20 hours. The sampling points are shown in
fig. 9.4.1.

Fig. 9.4.2 shows the M, results of the GPC analysis.

A graphical plot of the M_'s for the samples collected

W
igainst settling time is shown in Fig. 9.4.3, This figure

<

shows that equilibrium has been established after approxi-

Ny

ﬁately 6 hours at both depths.
A small difference between the Mw's'for the two depths
%s again present in Fig. 9.4.3. The probability value

galculated by the statistical method of 'Student's' 1is as

follows:
n Time My
(hours) 0.5m 2m 2m=0.5m (az)
1 8 39205 40833 1628
2 : 12 39587 409472 1355
3 16 39177 40627 1450
4 20 39875 39495 - 380
) 24 393954 39909 - 45
n = 5
al = 0
52 = 801.60
s.d = 938.42
oo /5]0-801.60] = 1,91
) 938.42
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Fig. 9.4.2 N.'s for

y

Batch R

[

3 50M/40 Measured by

TSK-GPC

System at Aston

S amm- Weight Average Molecular
Samp le Weight of Samples at Depth
Time
(Hours) 0.5m 2m
0
Stirred 134046 134046
Sample
1 76966 89653
2 58905 69984
3 40810 58142
4 40232 41797
6 40363 -
8 39205 40833
10 39191 -
12 39587 40942
14 39242 -
16 39177 40627
20 39875 39495
24 39954 39909
fiw of Super IR St I = 39809
= 541412

Mw of Syrup IR St I
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The probability value obtained from the 'Student's' t
Table is greater than 10%. It is therefore accepted that
there is no significant difference in the two results.

A graphical plot for the Wt% above molecular weight
60,000 against settling time is shown in Fig. 9.4.4. The
Wt% above molecular weight of 150,000 graph is shown in
Fig. 9.4.5.

The above two figures also show that equilibrium 1is
established after 6 hours at both the 0.5 and Zm depths.
As before there is again a small difference at equilibrium
for the two depths.

Applying the 'Student's® t Test firstly to the results

of Fig. 9.4.4 and then to the results of Fig. 9.4.5.

n "~ Time Wt% above molecular weight 60,000
~ . (hours) 0.5m Zm 2m-0.5m (az)
1 8 16.63 17.75 1.12
2 12 16.99 17.56 0.57
3 16 16.67 17.67 1.00
4 20 17.17 16.97 -0.20
5 24 17.15 17.07 -0.08
n = 5
a; = 0
a, = 0.482
s.d = 0.605

From equation 9.3.1

¢ = '/§IO—Q;4821 - 1.78
0.605

-198-




CSYH> IWIL ONITLLIS
v2 22 92 8l 9l vlI 2l @l 8 9 ¢ z ©

¥ ] " |} i m —
| . 1 v
A\
lf@N
wy 2 | %M
wg'g Q@ IJATLYINWND
lmN .
.-F@m

CWOS g2 Xg> I 1S I d3dNs
NI W 900789 JA08V LN3IS3Add %IM IATILVINWND + '+ 6 914

-199-



CSAH> IWIL ONITLLIS
p2 22 @2 81 9I ¥l 21 Q@ 8 9 ¢ 2 O
i ! 1 ) i

' i L

o
L
o

G

Z1M
IATLVYINKWND

CWES g >*g> I 1S AJI J3dNS
NI W 2888 °8S1 3A08V 1IN3S3Ad %IM IAILVINWND S'+°'6 9Id

-200-



From the 'Student's' t Table, the probability value
obtained is greater than 10%. The two results are there-
fore not accepted as being significantly different.

For the results of Fig. 9.4.5.

n Time Wt 3 above molecualr weight 150,000
(hours) 0.5m 2m 2m-0.5m (az)
1 8 1.74 1.95 0.21
2 12 1.75 2.21 0.46
3 16 1.66 1.97 0.31
4 - 20 1.72 1.60 -0.12
5 24 1.81 1.81 0
n = 5
a; = 0
a, = 0.172
s.d = 0.234

From equation 9.3.1

/5]0-0.172] = 1.65

t 0.234

The probability value obtained is again greater than
10%, i.e. the two results are not accepted as being

Significantly different.

9.5 CONCLUSIONS

i) . In the case of Syrup IR St I where 6 hours settling
was given on batch SL 28M/70 the MW results show that
fractionation had not been completed; also that some high

molecular weight syrup was still present in the supernatant
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phase when the syrup was drawn.
Similarly the Figs. 9.2.4 and 9.2.5 for 'Wt% above'
various molecular weights show that the supernatant has-.

not come to equilibrium after 6 hours even at the 1.lm depth.

ii) A syrup IR St II from batch SL 36m/70 was sampled with
a settling time of 24 hours. On thé plant stage II syrup
IR's are allowed a settling time of 16 hours.

The MW results show that fractionation was completed

after approximately 13 hours. This is also supported by

the graphs of 'Wt% above'.

iii) For batch RB 56M/40 the MW results show that frac-
tionation was completed after only 6 hours. Figs. 9.4.4
and 9.4.5 also agree with this settling time.

It is important to remember here that the above batch
is aimed at producing a clinical dextran of MW 40,000
when comparing the results with batch SL 28M/70 which
refers to a clinical dextran of MW 70,000. It should also

be noted that the MW of syrup I (batch RB 56M/40) is about

half the MW value of batch SL 28M/70 syrup I.

iv) The last 6 graphs presented showed slightAdifferences
at equilibrium for the different depths.

It has been shown statistically that there is no
significant difference between the results at equilibrium

for the 6 graphs.

V) Some of the anomalies found in the mathematical
model predictions on the plant samples may have been caused

by samples taken on the plant which had not settled to
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. equilibrium; sample super IR St I especially (see .

Section 8.4). ,

. i . e
. .
)(,\@’v,l;@“;a\ s S
o ‘ .
,,)\ . . Em
w:»w\; g L

/ , .
JG{"&,,@"'Q\R\,\\,N'\ L . 'm\(\\'w”
/g;\;'\ . : o,,\,\,”r W"n,r,j'r
o .
h i’/zvm} :

,;::,;r'///m{ . . :,?1”’, .
/Mﬁ(\/}/’v//\m a0
;’;\w,,@( [»r,m o :
.

L

v - ,,,,; .

.
,,,V,zm,,//,,u . ,,(/’ /

i ’//’4?\‘,11’7/’,r\~/,’??’r,’ﬁ’ .
,',',;»f,’,«,,w@\\»”/,;o"C\’/"'\\\'\’ . .

.
"n’;"‘*'"’//'\ \,wi,;zw/. .

.
i \\,\/,,, ,\w;\r,@?\r,;};u,m\

o 0‘“"\’«\' o G
f\wm, /,’/r/ui’mu / 1, .

... - ,
o @»/(/ ,p,,\\"»\w!?/aa»v/, . / - . S ,7,{,
- y/\ o . e \/’,’,0\» - . . i ; M'H \4),;%,:,,/'/?“/
. <,/ - \,,\w,, . . . ”'M\,;,@\,,\,\,;;,\7\\ - ”;;’,’,\\@x)// «,_Jp;,“ . o L \’\,»,/,,yr - ’((f’\ :
. e \;' w\\ : ,;\,,,,,,,, .. . = ..
. ’m’/;\,/“,\;,/ - / . . - - ,,,/,,,\y, _ n,,w,,} .
,,\V,»,’)'f/"/},,’,,’m,\,’,\"’//r'ur,“,,”a\,\\’ \\Q,,w ... o L - . . - - e -
.. ,m\ . . r(,m\\\\\\wvm”(,'” . n,,\z,“(w"\' e ( . . . S - - & e vw . /w\w,,«\,
. - L . . \,,,\;,\,\,\r,,”/’\w\”\ ... _ @ ","\?I\\/'/'m///,u\,, = '21':» . . o ,,,/ﬁ?”""'?(’v’z’“‘ /
. w,r“,\\,u»;,r, L - "’,;\\ ... .. - = e ..
”));, V////z/ . ,\,\u,/\,,,m rn\,/ﬂ\\,’,,/y\ i ,\Q//\,,,,w, - v(r,\(\;\ - 7/»,,\’/?\,'@,7’\\/,,\ ... ... = . - ... "v'\',,m/‘
0 ’///”\u\\,'// r/,\»\ ... ... - «),r; \’/)m\ ‘w,\w,\,, e S i e .
5 ... '\v\w'\u/,um,,bb' ... . o e "r//"rf"‘vwwM
,\\(/[,,,, /(;?,, ,,,// ,,,\@’ S .. \,\,n,;;pmw L »,,,// - m,\,\\,;\,\;m///r i '>/r,,/; :)4,,'\»\\;",,,»,,/,/4 o ;,u,, e D . o o
'\m///‘ ,“H ,:,"ﬁy,mr/,,,”,\' »i’,ﬁ'\w,:’\” i u,,, /\,v/, «D/m,”',”(’« i Wc,,m - \ﬁ,'w/,wr:n’\ o /( - ws{,,:\ i . ,4»’\’ 'f,’m,’(,;’/”’o,/[,r’f ,)? ,,/, fﬁ/www, w;;;',’,;\,:w\ o e 1 e , r/r\,, e ,,

.>,‘,( ;,.yr,u,\’u, ... . .. . . @ - \\,,,'(1«,\,,;,, c.. . n \m,;y' //,,\,,),r,/,\,",,',am,”é,; . Bl . . "\2\,,'77,),,,,,,,/9,,,), -

. e .. ... . - - : ;. . o
\«W,,, - . . . . r,’w{\»/w“\”’<”Jw"’i \’w»/(,’r,\:v\,w\\x:x\ - u', ‘/ . S s / ... . |
- ,,,,m,,vw/ ’/Mﬂw»««ﬁ’/\xw\u;ru,/», ... . .. . e - - w"\'\\“'\ o ""’”"w”ﬁ’r'r”’m -

7 )»’,“, . <u\,\’\\3/rm>w/, ... "»,,,’n»’/,%”\» xyv:;/,v"}\,,;)}( - ;;,,,wrr\e,;wr;,,w;\\,, w),j,;\w n"r;,,r\u,;/o, . - o ':,Jr\ .. o o
2,./ . wv/(“/%)/"\,\/;, . ',\;,, ,: . “’4,,\’1’;'/’\",,;\/«,\5///// ',,»/,,,,\)\,’,,’\'o,),/;r\u; }O,;',’n//,\,;x\,’&,;, ’:w),\/;/,\/,,“\’/\/(;’u;;\\,;/ﬂ ;,’”';,\/',\\/\’\;”7,\«,;/",\,\,,\1,r:;,, - - o - o . ,\,,,,\},\;;;’\»,/m,,,,;m ’,“- ;\y;[[.} .
- - . \\r’,’\ﬂwm\(,\\//”’,,),’r/\‘{{u . ,/,w,,, . . . o - . .,;w'r,v/w i

. ,\\/,,’,A\:r\m; /y,\,;u;w e r//(\(;;u,, u,\wm - //,n,,,,,' ,/;/ - . - L

i o 4», )/,(,,\ )L\’,\,,u“//(,w/(///, /,\,)z;r,' o .




,/);;, : .
.
o ’ §
e . .
o :
o s : ) Mot .
B : ! : ¢ i
,,;/’J\/if,”,%, o : S ; :
sﬁ';i\f»\\\',"\'?m ... -
’/Z’,’Z/,{'f,;r,u,,ux S L o . s .
"m'»,(,»,,;;\,,\ B : e 3 4 : G 4
u/“/\"’ ’/,\\\ L e i i G G ;
2\}‘«,'2\;\3,{«/&\ ' L . o .
<// : : . - e
v o ”wﬂ : i L i i G ) e ;
w,u,i'm,,'m,\ . . , - . 7,,,34,\” :
G e i i i . i i . G
Z)),,,,,% /X)/\,\,:\,V,,\Nw o ... . . - : i )% o
”H//"r,’r'r,“/m, e i He G = : : R S
Ll wwww\r : i o G 3 i x. oy
ﬁﬁ}’;l’fr‘ ”"”w"y’[{(’{r’/’/,:’\"\ . ,}\\, o ,,\\ e \\ e S 1'\,',\\, . /,/, ,\Iwi,’fl', . : o g & & s .
/W” “nfm:,w,’::,\ o »:”' ’\ - . \wv’”\”\\’r / o . /, e ,’1 o“,w,« v/;w P . : -
’<}?’w;’;f,;‘\s‘l‘w’\:g\<v<;/;\i\ s\ \,;“xx \ \\ . “,\ e "iai,\o . ,: ... . . e S e \mﬁ\,{g 1"’,’,\4,/9:;3".@;"\\w
\'n;a\r/','f"a\"/um; o >,\ ,w - wm,’»\ ’r"\ w\ . ,« o \\\,, o . ,’/\’;,,,\ - Z o : . ’m\\\v’@"/
7 4‘ 4,’\’,\»/»/,/, \,,,/(/g/,, . - ,(,\m \,g;m;,,;w\,”,,)\,, \\,,\,,/,, G ,,N; s u\, . G - 3 il
‘ ‘\\\, ,’L(’ /,m i i i : B i R i i i e ”\ H\ o i
«/W - m’,’,f,’ . ’:,&,,\,(\l”t;; e . 0
. ’// ‘ "/"%“a . 4. . ”/’ . - e :f";i"’ "'o{’;’w";;\""W‘z"{’\y?ﬂ'\
'“”” r«';'? ... / \O"r”':li"//’“r? . 9 ~, . w' . . . e ’”\”fo’ﬂ’\“"f”\%”""""Qf’»\',\\'@/fv
,,\r»,{r,;{!’;f\’/i',\/;k//,;ru}(\,’,’jh” . \3;» . 0\\3\;,\//,,;,’;;,\;j\,\’{’ ',w,ji/;\ ,;;\';,\y \,,/,s' . . , . ...
a0 /n,;;” ... ,,'»,,J\/y/,\,)\»\;:,,( . rr,;;,,;r\\,\,,, . - : ...
L m/r . ... ... <'m,w>m e ’w»r, ,’w ,,,w,'xa»,“f o / o rm,\mu - - o /wr s , L \ G S
B . L m\,\;,,,\[ . U,r\,o’,’v\ o «\\r,v/f\,, ,\,»,r,,’ﬂ,r/" \”r’//r“/,/\/’,»M:,i')f"\{ﬁ\\n”w’rir‘“’) e - ";r e ("” . '3//"”\\’,»“\:”\ e w\” o ﬂ,,,, A ’( Z o w'w\ e SR \H“\'M //,\"”\"; ,\,35’,,\’.,1’\\ T
«uWI’/ﬁ V’f,}’\zf/ W’/?iw . f” - ,,’”fi\”"/f,”u ... f\»,\'S,'!\\,'I” ;us’ . :/,, . .. ’n,’\':,r”?\ ... - ... .
L ... . ... ... .. . 'rw'wm:w - e -
o <. A ,4“ e ,;W\,\,;/,,,,,,, o u,\,\v,r .. v ,;<r,r G ,w - w - e (m, = e
e {/f//%,%(/[ i \j“w%',,’(a\;,\;\\w, »,\"“',::w .. o '&\umwfu;w e \/,//»\\\ o ////,,w, \,u,,wf’n’r’” "‘r:'[\ vu';r\"-y" o .;;/’/";f, - ,(f’ f)rv;m/m”/"'m(;,,, ;vi" o //, = - @’zg*ﬁx oo /,’ 0 v
’/ ”"1\\' - «u . . v*?«\\;r,’;\r’\“\?%'!t“"'“"'\"’\"w’,”'f/,f,’rm’,""&(xf)ﬂ\\\" . \””\'m«?«”'}v”/f&)"/:r/ . z//’ ‘\\’w"l\ryf;\\"%ﬁ,"(:»,ra//h‘u’v ’//?)’"'3;'/\/\?,";5’4;@?9‘??»1” - e>\ ...
. u'm'/,"‘.'wﬁ’&//?’:/um,wz,’,rr . ‘\,‘mu';f'\"’?:?’E'/,J,"'I“'F’»’,’%,"":f,’"r,\ ’7/33 Xf” \\rfr"f""f"x“’ﬂ)?’””“/// "C’:"‘\"’” “”/"""/?/'“"r’\'m':13///@,'2’,,,%»,,'?,/,\ . - - 'f( > r:'\;o;’;.f’o,'i::}\,f\‘,”\gf""’"":’:@}’; 0
. rz}/«‘ . ”“ - :,w'u,(%,@;;v\,‘f\w, - o,pg,’/,mf:p,,w,\w, ;»;«;v;,zz,?r\*i\w - . « - ,’;“,!"r,;,{f;r,,<;c,;>)» .
: 3'-/)/,,"7 gw'ww\/m” ... __ . . : . \f\ 3~¢ ,’,,\"r/,'/’//w,/( o
t /(:, i . o . L \\,,,;u . \\u\'m;{; ’,”,// . ,,y(/’\(’ \(r\r\(\’m'/,\\,;\\qn - /),/’\,\,\,\);\, A'\\I?"' w ,\,w,”/r\u»’»\ {// ”m \7,,,%( ,[, B Lo S \, w\, o .’['" . (
... < . : - o
mi"v/ww”: ;{; /',’u,w o o\,,;,»;r,n//,,r\\,’,n,;y,\;w,w’w/, .




10.0 LIKELY ECONOMIC AND OPERATIONAL BENEFITS OF USING

THE MODEL TO PREDICT PLANT FRACTIONATIONS

Out of the twenty three industrial plant batches
mentioned in Chapter 8.0 only batches SL 9L/70, SL 11L/70,
RB 37L/40, RB 38L/40, RB 51L/40, RB 54L/40 and RB 58L/40
(see Fig. 10.1) were fractionated completely. In Fig.

10.1 percentage in excess is defined as the Wt% fractionated
above the target value and percentage less as the Wt%

that should have been fractionated to reach the target
value.

For the remaining batches the syrup IR stage I
and IR stage II was over fractionated; this is obviously
not economical due to the use of excess ethanol. Additional
costs occur when distillation has to be carried out to
remove the excess ethanol and over fractionation lowers
the yield of clinical dextrans.

For batches RB 35L/40, RB 50L/40 and RB 55L/40 the
final syrup was under fractionated. This is again
uneconomical due to the valuable product left in the
supernatant solution.

The syrup IR stage II for batches RB 8L/40, SL 15L/70
and RB 59L/40 had to be refractionated to get the MWD within
the target set.

The use of the mathematical model to predict the
plant fractionation would remove the necessity to refrac-
tionate and therefore save time and proc§§sing costs.

The fractionation process cost for producing one batch

of clinical dextran is approximately £3,300 including the
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Fig. 10.1 Some of the Operational Results for the Plant Batches

Batch Wt% Syrup [R Stl|Wt% Syrup IR St II|Wt% Final Syrup

Number Fractionated Fractionated Fractionated
RB 81./40 2.4% in excess refractionated Within target
SL 9L/70 Within target Within target Within target
RB 101./40 Within target 7.6% in excess Within target
SL 11L/70 Within target Within target Within target
RB 121./40 4.0% in excess 3.7% in excess Within target
RB 13L/40 5.5% in excess Within target Within target
RB 141/40 Within target 3.0% in excess Within target
S, 15L/70 Within target refractionated Within target
SL 16L/70 4.7% 1n excess Within target Within target
SL 17L/70 3.8% in excess refractionated Within target
RB 35L/40 Within target - 1.1% less
RB 36L/40 6.0% in excess Within target Within target
RB 37L/40 Within target Within target Within target
RB 38L/40 Within target Within target Within target
RB S50L/40 3.1% in excess Within target 2.3% less
RB S51L/40 Within target Within target Within target
SL53L/70 4.2% 1n excess 4.4% in excess Within target
RB 541/40 Within target Within target Within target
RB 551./40 Within target Within target 1.1% less
SL 56L/70 Within target 2.9% 1in excess Within target
RB 57L/40 Within target 5.9% in excess Within target
RB 58L/40 Within target Within target Within target
RB 59L/40 3.8% in excess refractionated Within target
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cost of ethanol and labour. The likely cost of having

to refractionate one stage is about £500. Four out of
these twenty three batches had to be refractionated;

a chemical company producing 100 batches per year would
save about £8,500 per annum by not having to refractionate
say by using the model.

The clinical dextran yields can also be improved by
up to 5% with the use of this model. From the twenty
three industrial batches mentioned earlier in this chapter
a total of 30,312 kg of clinicaldextran was produced; for 100
batches per annum the'productioﬂ of clinical dextran is
likely to be 131,791 kg. It ié anticipated that an extra
6,590 kg of clinical dextran could be produced from 100
batches by using this model. Since dextran sells at
approximately $£30,000 per tonne, the afore-mentioned chemical
company would improve their cash flow by £197,700 in
addition to the £8,500 per annum savings previously
mentioned per 100 batches.

The use of the model would also remove the need
to determine the MWD's of samples other than syrup I
and final syrup and the skilled analysts time who
decides when it is justifiable to proceed to the next
fractionation.

The other likely economic and operational benefits

of using the mathematical model are given in Chapter 2.0.
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11.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

11.1 CONCLUSIONS

During this research project the mathematical model
(Chapter 5.0) based on the Boltzmann equation was tested
on both the laboratory-scale and industrial-scale. The
settling of dextran molecules on precipitation was also
investigated on an industrial-scale.

In the laboratory-scale ethanol fractionation of dextran,
the comparison of results on the first stage between the
model predictions and experimental values is in very good
agreement. On the second stage there is an offset present
between the two comparable sets of results over the entire
experimental range of values. The model predicting values
that are approximately 10 Wt% higher than the experimental
values.

To investigate the reason for the offset on the second
stage more laboratory experiments were carried out with
slight differences in their experimental procedures. Runs
13-18 were performed with the non-distillation of ethanol
in the super IR; Fig. 7.2.19 shows that on the second stage
an offset of similar magnitude 1s again present between the
two sets of results. There was again no change in the
offset for runs 30 and 31 when dextran T 110 (Pharmacia
Lot No. 5404) was used instead of the plant batch RB 51K
as syrup.l.

The exceptionally.good agreement between the laboratory-
scale experimental results and the model predictions on
the first stage is also shown by plots of the Boltzmann

equation (see Section 7.5). For the first stage there is
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good agreement between the C values obtained from the
Boltzménn plots and model predictions. However there was
no agreement between the two sets of E values for the
second stage.

In the research field a great deal of emphasis 1is
laid on the reproducibility of experimental results. In
this research work the reproducibility of experimental
results 1is excellent even though the experimental methods
were slightly different in procedures; this can be seen
by referring to runs 23,27; 24,28; 25,29; 30,31 and 32,33.

On the industrial-scale (Chapter 8.0) fractionation,
plant batches RB 8L/40 - SL 17L/70 gave poor comparisons
between the model predictions and the actual plant results.
Possible explanations for the poor agreement between the
model predictions and the actual plant results are given
in Section 8.4.

For the second lot of plant batches RB 35L/40 -

RB 59L/40, comparison of the model predictions with the
actual plant results on the first fractionation (syrup IR
st II) is reasonable. Comparison between the two sets of
results on the second stage (final syrup) produced an off-
set of approximately 8 Wt% over the entire range, the model
again predicting higher values (see Fig. 8.3.18).

One of the disadvantages of these plant samples 1is
that the Wt$% dextran fractions are grouped together in
their prospective regidns. Fig. 8.3.18 shows that the Wt%
syrup IR St II is grouped in the 5-20 Wt% region whereas
the Wt% final syrup is grouped in the 60-80 Wt% region.

This therefore makes a true comparison difficult over the
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entire region. It would be very advantageous for the

model if the plant samples syrup IR St II and final syrup

were

available, representing the entire Wt% region,so that

a truly accurate comparison between the two sets of results

could be made.

The settling behaviour of dextran molecules on precil-

pitation was studied on three different plant batches

(Chapter 9.0).

(1)

(11)

(1ii)

Batch SL 28M/70 where settling of syrup IR St I was
performed for 6 hours, Figs. 9.2.3-9.2.5 show that
equilibrium had not been established at any one of
the three depths in the set time. It was therefore
necessary to allow a settling time of 24 hours for
the remaining two batches.

For batch SL 36M/70 where settling of syrup IR St II

‘was performed, equilibrium was established after

G

o

W
s

approximately 13 hours at both depths (see Fig. 9.3
This is also supported by Figs. 9.3.4 and 9.3.5.
For batch RB 56M/40 where settling of syrup IR St I

was performed, Figs. 9.4.3-9.4.5 show that equilibrium
was established after only 6 hours at both depths.

This seems to contradict the results of batch SL 28M/70
but it is important to remember that batch RB 56M/40

is aimed at producing a clinical dextran of 40,000 M_,
whereas the batch SL 28M/70 was aimed at producing

a clinical dextran of 70,000 Mw. It should also be
noted that the syrup [ M value of batch SL 28M/70

is about twice the syrup I Mw value of batch RB 56M/40.

-209-




Bulk drawing of the syrup IR St I is made after © hours
and the final drawing 2 hours later on the plant. This
cbuld explain some of the anomalies found in the model
predictions that may have been caused by samples taken on
the plant which had not settled to equilibrium, especially
the sample super IR St I (see Section 8.4).

The current practice on the plant studied 1s to settle
the stage I for 8 hours and stage II for 16 hours. It is
proposed that stages I and II be left to settle for
11 hours each since two efficient fractionations would be
better in removing traces of very high molecular weight
material and producing a sharp 'cut off' than the current
process.

The use of the mathematical model to predict the plant
fractionation would have several advantages as mentioned
in rearlier chapters but above all it would improve the cash
flow of a company producing 100 batches per annum by over

£200,000 per annum.

11.2 RECOMMENDATIONS FOR FUTURE WORK

The future work on this project can be divided into
the following four categories.
(a) More laboratory experiments can be carried out on
the ethanol fractionation of dextran. These experiments
could be of the following type:
(i) Temperature éonstant at ZSOC, concentration and
volumes of ethanol constant but with different

starting dextran concentrations say 1%, 4%, 6%

3

and 10% w/v.
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(ii) Starting concentration of dextran constant at 8%
w/v, concentration and volumes of ethanol constant
but carried out at different temperatures say
359¢, 45°C and 65°C.

(b) More plant batches with longer settling times allowed
on thes first stage could be used to test the model
further,

(c) Different optimisation strategies could be attempted
to maximise the benefits of using the model. For
example, the yield could be maximised subject to
product quality constraints (e.g. Mw = 40,000; <7.5%
with molecular weight <12,000; <7.5% with molecular
weight >98,00Q).

(d) The mathematical model could be modified for a triple
fractionation so that it can be testéd on the entire
plant fractionation process with the optional IR

stage II included.
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PHONONS!

C
C
C

557

29

765
25

876
28

30

32

THIS PROGRAM CARRIES OUT THE CALIBRATION OF GEL~PERMEATION
CHROMATOGRAPHIC COLUMNS USING "BROAD" FRACTIONS OF KNOWN
WEIGHT AVERAGE MOLECULAR WEIGHTS.

IMPLICIT DOURLE PRECISICN (A-H,0~Y)
DOUBLE PRECISION M1,M2,KD,Z
DIMENSION NY(32),M1(32),M2(32),

CcY(32,60),KD(32,68),SUM(32,5),

CB(5),C(5),R0(5),RL(5),R2(5),

CXMAT (25),Q(4),2z(4) .

READ (1,192) (B(K),K=1,5)
READ (1,185) NNI

WRITE (2,2900)

WRITE (2,255)

WRITE (2,265) (K,B(K),K=1,5)
WRITE (2,219)

NP=0

T=10000 .0

B(4)=B(4)-DLOG(T)

B(5)=B(5)/T

DO 3@ I=1,11

READ (1,119) MiL(I),P,VO,VT,VE,VDE,DIFF,VM,¥M, SD
NY (I)=P

READ (1,129) (¥(I,J),J=1,NY(I))
WRITE(2,557)(¥(I,J),J=1,NY(I))
FORMAT (84F@.4J)

ML(I)=ML(I)/T

VP=VT-VO

SY=0.0

IF (DIFF.NE..0) YG=-1/(2*SD**2)
DO 25 J=1,NY(I)

IF (DIFF.EQ.Q.9) GOTO 20

IF (VE.EQ.VM) GOTO 29

YA=YG* (VE-VM) ¥*2
YE=DLOG (Y (I,J)/YM)

YE=YM*EXP (YA*YE/ (YA-YE))

IF (YE.LT.Y(I,J)) Y(I,J)=YE
SY=sY+Y(I1,J)
KD(I,J)=(VE-VO)/VP

VE=VE+VDE

WRITE (2,765 )SY,KD(I,J),VE
FORMAT (3F24.6)

CONTINUE

Do 28 J=1,NY(I)
v(1,3)=Y(1,J3)/sY
WRITE(2,876)Y(I,J)

FORMAT (F19.5)

CONTINUE

NP=NP+1

CONTINUE

TITERATION PHASE

IF (NNI.EQ.d) GOTO 85
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DO 34 K=1,3
34 7Z(K)=K*10.0E1Q
DO 80 NI=1,NNI
DO 49 I=1,NP
M2(1)=0.9
DO 35 K=2,5
35 SUM(I,K)=0.9
suM(I,1)=1.9
DO 49 J=1,NY(I)
Z=DEXP(B(4)+B(1)*KD(I,J)+B(2)*KD(I,J)**2+B(3)*KD(I,J)**3)
M2(I)=M2(I)+(B(5)+Z)*Y(L,J)
SUM(T,2)=SUM(I,2)+Y(I,J)*Z
SUM(I, 3)=SUM(I,3)+Y(I,J)*Z*KD(I,J)
SUM(I,4)=SUM(I,4)+Y(I,J)*Z*KD(I,J)**2
SUM(I,5)=SUM(I,5)+Y(I,J)*Z*KD(I,J)**3
49 CONTINUE
DO 45 K=1,5
" RO(K)=0.0
DO 45 I=1,NP
45 RO(K)=RO(K)+ (ML (I)-M2(I1))/ML(I)**2*SUM(I,K)
JK=0
DO 5@ X=1,5
Do 59 J=1,5
JK=JK+1
XMAT (JK)=0 .2
DO 59 I=1,NP
XMAT(JK)=XMAT(JK)+SUM(I,K)*SUM(I,J)/Ml(I)**2
5¢ CONTINUE
CALI, MATINV (XMAT)
JK=0
DO 55 K=1,5
R1(K)=0.9
DO 55 J=1,5
JK=JK+1
R1 (K)=R1 (K)+RO(J) *XMAT (JK)
55 CONTINUE

DO 68 K=1,5

IF (N.EQ.1) C(K)=B(K)

IF (N.EQ.2) C(K)=B(K)+J.5*R2(K)
60 IF (N.EQ.3) C(K)=B(K)+R2 (K)

Do 79 I=1,NP

M2(1)=0.0

DO 65 J=1,NY(I) '

z=DEXP(c(4)+c(1)*KD(I,J)+c(2)*KD(I,J)**2+C(3)*KD(I,J)**3)
65 M2(I)=M2(1)+(c(5)+z)*Y(I,J)

Q(N)=Q(N)+((Ml(I)-M2(I))/Ml(I))**2
7% CONTINUE
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72 NII1=NI-1
WRITE (2,250¢) NII1,B(1l),B(2
Q(4)=0.5+.25%(Q(1)-Q(3))/(
DO 75 K=1,5

75 B(K)=B(K)+Q(4)*R2(K)
DO 77 KK=2,4
K=6-KK

77 2Z(K)=2Z(K-1)
77 (1)=SNGL(Q(1))
IF (7z(4).NE.ZZ(3)) GOTO 80
IF (22(3).NE.ZZ(2)) GOTO 80
IF (2Z(2).NE.ZZ(1)) GOTO 89
NI=NI+1l
GOTO 85

80 CONTINUE

),B(3),B(4),B(5),Q(1)
Q(3)-2.8*Q(2)+2(1))

FINAL RESULTS CUTPUT

[ONONS!

85 Q(1)=0.9
DO 95 I=1,NP
M2(I)=0.9
DO 99 J=1,NY(I)
Z=EXP(B(4)+B(1)*KD(1,J)+B(2)*KD(I,J)**2+B(3)*KD(I,J)**3)
og M2(I)=M2(I)+(B(5)+2)*Y(I,J)
95 Q(1)=0(1)+((ML(I)-M2(I))/ML(I))**2
NII1=NI-1
WRITE (2,250) NII1,B(1),B(2),B(3),B(4),B(5),Q(1)
B(4)=B(4)+DLOG(T)
B(5)=B(5)*T
98 WRITE (2,260)
WRITE (2,265) (K,B(K),K=1,5)
WRITE (2,279)
WRITE (2,275)
DO 3 I=1,NP
ML(I)=ML(I)*T
M2(I)=M2(I)*T
3 CONTINUE
WRITE (2,280) (M1(1),M2(1),I=1,NP)
STOP

FORMAT STATEMENTS

SHONS!

102 FORMAT (
105 FORMAT (I3)
119 FORMAT (12F@.9)
120 FORMAT (140F9.9)
~0% FORMAT (' GPC CALIBRATION PROGRAM')
51g FORMAT(//11X,'Bl',8X,'B2',8X, 'B3',8%, 'B4",
cex, 'B5',9X, 'RES SS'/)
550 FORMAT(I3,3X,5F18.5,D15.6)
255 FORMAT (//' INITIAL VALUES OF CALIBRATION CONSTANTS :-')
260 FORMAT (//' FINAL VALUES OF CALIBRATION CONSTANTS :-')
265 FORMAT (12X,'B',11,'=',F11.3) -
578 TORMAT (//' COMPARISON OF MOLECULAR WEIGHTS:-')

5F9.9)
I
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275 FORMAT (11X, 'MW(LS)',4X,'MW(GPC)"')
280 FORMAT (7X,Fl19.9,1X,Fl19.9)

END
SUBROUTINE MATINV (A)

C MATRIX INVERSION ROUTINE
. DOUBLE PRECISICN A,R,AA,AH
DIMENSION A(25),L(5),M(5)
R=1.0
N=5
NK=—-N
DO 80 K=1,N
NK=NK+N
L{K)=K
M(K)=K
KK=NK+K
AA=A(KK)
DO 20 J=K,N
IJ=N* (J-1)
DO 20 I=K,N
II=IJ+I '
IF (DARS(AA).GE.DARS(A(II))) GOTO 29
AA=A(II)
L(K)=I
M(K)=J
20 CONTINUE
J=L(K)
IF (J.LE.K) GOTO 35
KI=K~-N
DO 3@ I=1,N
KI=KI+N
JI=KI-K+J
AH=-A(KI)
A(KI)=A(JI)
30 A(JI)=AH
35 I=M(K)
IF (I.LE.K) GOTO 45
JJ=N*(I-1)
DO 49 J=1,N
JN=NK-+J
JI=JJ+J
AH=-A(JN)
A(JIN)=A(JI)
40 A(JI)=nH
45 IF (AA.NE.@.0) GOTO 50
R=.9
GOTO 150
50 DO 55 I=1,N
1F (I.EQ.K) GOTO 55
TK=NK+L
A(IK)=A(IK)/(-AA)
55 CONTINUE
Do 65 I=1,N
IK=NK+I
AH=A(IK)
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65

TJ=I-N

Do 65 J=1,N

TI=1J+N

IF (I.EQ.K)GOTO 65
IF (J.EQ.K)GOTO 65
KI=IJ=I+K
A(IJ)=AH*A(KI)+A(IJ)
KJ=K-N

DO 75 J=1,8

75

80

100

119
129

*kkk

e

_ IF (I.LE.R) GOTO 129

1P (3.IE.K)

130 CONTINUE
_GOTO 100

KJ=KJHN

IF (J.EQ.K) GOTO 75
A(KJT)=A(KT)/AA
R=R*AA
A(KK)=1.0/AA

KK=N* (K-1)
II=N*(1-1)
Do 119 J=1,N
JK=KK-+T
JI=ITHT
AH=A(JK)
A(JK)=A(JI)
A(JI)=RH
CONTINUE
J=M(K)

GOTO 100




INPUT VARIABLES'INVTHE'PROGRAM:POR‘CALIBRATINGQTHE ANALYTICAL

'COLUMNS

Bl,5 initial guess of the;tglibi%iib@ic§p§tants

NNI number of iterations

MI(I) M of the sample by 1
number of'heigh€§5
e void volume

VT } total 11qu1d volume

YM  maximum height

0.0






1 DIM H(17¢),VIN(179),AMIN(178),S(179),S5(179)
2 PRINT"TYPE IN THE BATCH NUMBER"

3 INPUT KRS .

4 PRINT"TYPE IN DATE"

5 INPUT K$

7 PRINT''TYPE IN NMAX,V@,VEl,VI,VvT"

8 INPUT NMAX,D@,D1,D2,D3

9 PRINT"TYPE IN THE HEIGHTS"

19 FOR I=1 TO NMAX:INPUT H(I):NEXT I

2% GO SUB 10@@0:GO SUB 5000

25  OPENL,4

26 OPEN2,4,1

27  OPEN3,4,2

58  F$="999 99999.999 9999999999. 9999.99 999999.999 9999.,99"
29  PRINT#3,F$

3¢  PRINT#1,CHRS$(1)"BATCH NUMBER";KR$ -

31  PRINT#1:PRINT#

33  PRINT#1,CHRS$(1)"DATE OF ANALYSIS":;K$

34  PRINT#1:PRINT#1

35  PRINT%#1, "FLOWRATE=";RATE

36 PRINT#1," V=" ;DJ
37  PRINT#1," VE1l=";D1l
38  PRINT#1," vi=";D2
39  PRINT#1," vr=";D3
43  PRINT#1

42 PRINT#1, "WEIGHT AVERAGE MOLECULAR WEIGHT=";AAAW
43 PRINT#1, "NUMBER AVERAGE MOLECULAR WEIGHT="; AVMN

44  PRINT#1," Mw/Mn RATIO=";SPR
45 PRINT#1 : PRINT#1 : PRINT#1

5@ I_IDS:‘“POINI‘““}‘" II+III® \]AIJIJE“'*'“ 111

51  GH$="MOL.WEIGHT"+" "

52 EH$=HI_EIGHTH+H ll+!lm E’RAC““_" th%u

53  FH$=HD$+GHS+FHS

54  PRINT#1,EHS$

64 FOR I=NMAX TO 1 STEP -1

62 PRlNT#Z,I,VIN(I),AMIN(I),H(I),S(I),SS(I)
80 NEXT I

81  PRINT#1:PRINT#1:PRINT#1

82  PRINT#1,"ASTON GPC CALIBRATION CONSTANTS"

83 PRINT#1," Bl=";Bl

84 PRINT%#1," B2=";B2

85 PRINT#1," B3=";B3

86 PRINT#1," B4=";B4

87 PRINT#1," B5=":B5

99  CLOSEL:CLOSE2:CLOSE3
190 END

663 OS$=OP$+0JS

1000 RATE=57.000/D3

1919 VIE=D1*RATE

1029 VFE=D2*RATE

1930 VI=(VIE-28.586)/28.415
1049 VF=(VFE-28.586)/28.415
195¢ VH=(VE-VI)/(XMAX~1)
1100 RETURN
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5007 REM CAICULATE M.W.D.

5010 Bl=—16.634:B82=21.702:B3=—16.606:B4=16.067:B5=87.798
5020 S1=0.0:52=0.9:53=0.9

5330 FOR I=1 TO NMAX

5040 VIN(I)=VI+VH*(I-1)

5¢5@ IF VIN(I)>1.0 THEN 5080

5060 IF VIN(I)<@.d THEN 5890

5065 AKIN(I)=B4+B1*VIN(I)+BZ*(VIN(I)**2)+B3*(VIN(I)**3)
5070 AMIN(I)=BS+EXP (AKIN(I))

5372 GO TO 5190

SP8@ AMIN (I )=B5+EXP (B4+B1+B2+B3)

5085 GO TO 5109

5090 AMIN (I)=B5+EXP (B4)

5100 S1=S1+H(I):S2=S2+(AMIN(I)*H(I))

51190 S3=S3+(H(I)/AMIN(I)):NEXT I

5120 AAAW=S2/S1

5125 AVMN=S1/S3

5130 SPR=AAAW/AVMN

5180 PRINT"WEIGHT AVERAGE MOLECULAR WEIGHT=";ARAW
519¢ PRINT"NUMRER AVERAGE MOLECULAR WEIGHT=";AVMN
5195 PRINT" Mw/Mn RATIC=";SPR
5200 S4=0.9

5210 FOR I=1 TO NMAX:S4=S4+H(I):NEXT I

5228 FOR I=1 TO NMAX:S(I)=H(I)*100/S4:NEXT I

5225 S5(NMAX+1)=0.0

523¢ FOR I=NMAX TO 1 STEP -1

5235 S5(I)=S5(I+1)+S(I)

5240 NEXT I

550@ RETURN
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INPUT VARIABLES IN THE PROGRAMfFQR"CALCULATING THE AVERAGE

MOLECULAR WEIGHTS AND MWD

KRS batch number

K$ Adate of analysis

NMAX number of helchtsiii

D@ elution time of hloh molecular welcht dextran
D1 initial elution time;of chromatogram

D2 . final elut101 time of chromatogram
fDSﬁQ\\* ielut1on time of glucose -

’ HEf)f;[f helghts of chromatooram
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THIS PROCGRAM CALCULATES THE WEIGHT PERCENTAGES
OF DEXTRANS PRESENT IN EACH PHASE AT THE END
OF THE ETHANOL FRACTIONATION USING THE OPTIMUM
VALUES OF THE MODEL PARAMETERS C,E,F,D AND P.

NS NSRS

READ (1, 800 ) RUN
WRITE (2,810 )RUN
CALL HOLMES(C,E,F,D)
WRITE(2,899)
WRITE(2,999'C,E,F,D
READ(1,941)P,Q
S=03.9
T=3 .0
60 READ(1,992)AM,W
IF (W.EQ.9.d) GO TO 89
G=E* (AM**P)
IF (G.LT.179.9) GO TO 61
G=179.9
61 A=D*EXP(G)*W
B1=F+EXP (G)
Y=C* (AM**Q)
IF (Y.LT.179.9) GO TO 619
Y=170.0
619 R=D+EXP(Y)
B=A/Bl
S=S+B/R
T=T+W
GO TO 69
8¢ U=0.0
V=0.9
1906 READ(5,902)AM,W
IF (W.EQ.0.0) GO TO 180
A=D*W
Y=C* (AM**Q)
IF (Y.LT.179.9) GO TO 144
=170.0
149 B=D+EXP(Y)
U=U+(a/B)
V=V+W
GO TO 199
180 SYRUPLR=100.0-(U/V)*100.9
SUPERLR=(U/V)*100.9
FINSYP=(S/T)*100.0
FINSUP=((U/V)*l@@.@)—((S/T>*1@@.®)
WRITE (2,993 ) SYRUP1R, SUPERLR, FINSYP, FINSUP
80¢ FORMAT(1FJ.9)
810 FORMAT (22X, 'DEXTRAN FRACTIONATION RUN NO :'¥3.9,/,

122X, e
500 FORMAT(//,26X, 'PARAMETERS ARE :',/)
og¢ TFORMAT(1H ,24X,' C = v E15.8,//,

125%X,' E = ‘,E15.8,//,

225X," F = ' ,E15.8,//,

325%,' D = ',E15.8,/////)
9g1l FORMAT(2F@.0)




9g2 FORMAT (2F%.9)

. 9g3 FORMAT (15X, 'FRACTIONATION REPORT FOR DEXTRAN AT ASTON', /,
115x,'xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx‘,////,
228X, '%SYRUP1=100",/,
333%,'1t',/,
42@<l| Il/l
520%,'I',25%X,'1',/,

613 ,'%SYRUP1R=‘,F8.5,9X,'%SUPER1R=',F8.5,/,
746X,'1',/,
832}(" : Il/l
932%,'1',27X,'1',/,

923X, 'SFINAL SYRUP=',F8.5,6X, '3FINAL SUPER=',F8.5)
STOP

END

THIS PROGRAM CALCULATES THE OPTIMUM MODEL
PARAMETERS C,E,F,D AND P

[oNeNPK®!

SUBROUTINE HOLMES(C1,El,F1,Dl)

C PROGRAM TO USE SUBROUTINE VBZ1A
IMPLICIT DOUBLE PRECISION (A-~H,0-Z)
DIMENSION X(l@@,l@),AF(9),Y(l@@),w(lﬁz),z(lzﬁ),V(25),E(25)
DIMENSION SF(15),A(15,15)

COMMON //SF, IDVH
READ(1,100) N, M, L, MAXEN
100 FORMAT(5IZ )
IA=M
READ(1,119) (V(I), I =1, M)
110 FORMAT (29F93.4)
READ(1,170) IWT
170 FORMAT(1IZ )
Do 777 L =1, N
IF(IWT.EQ.8) GO TO 30
READ(1,119) (X(1L,J), J =1, L), Y(LL), W(LL)
co TO 777

3¢ READ(1,119) (X(1L,J), 3 =1, L), Y(LL)

W(LL)=1.0D00

777 CONTINUE
READ(1,179) IEC
IF(IEC.EQ.Q) GOTO 64
READ(1,110) V(M+l), V(M+2)

60 DO 20 I=1,M
SF(I)=DABS(1.9Dd/V(I))

20 V(I)=V(I)*SF(I)
WRITE(2,18@)(X(l,J),J=l,L),Y(l),W(1)
WRITE(2,18®)(X(N,J>,J=1,L),Y(N),W(N)

18¢ FORMAT(1HZ,8(D15.5,1X))

CALL VBO1A(X,Y,W,Z,N,V,E,M,L,A, IA, MAXEN)
c1=v(1l)

E1=V(2)

F1=V(3)

D1=V(4)

RETURN

END
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SUBROUTINE MA1ZAD(A,B,M,NR,N,M1,IA,IB)
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION A(IA,IA),B(IB,IA)
IF(M-1)20,41,42

41 IF(A(1,1))99,99,43
43 IF(M1)49,37,49
4 A(1,1)=1.9D8/A(1,1)
IF(NR)39, 39,819
819 DO 61 I=1,NR
61 B(1,I)=RB(1,I)*A(1,1)
GO TO 29
37 IF(NR)39,39,15
15 DO 62 I=1,NR
62 B(1,I)=B(1,I)/A(L,1)
39 GO TO 29
42 IF(M1)11,38,38
38 MMl=M~1
DO 44 I=1,MML
IP1=I+1
DO 45 J=IP1,M
A(I,J)=A(J,I)
45 CONTINUE
44 CONTINUE
DO 1 I=1,M
DO 6 J=I,M
I1=I-1
IF(Il)6,5,9
9 IQA=IA*IA
IOB=IQA
CaLL MC®3AD(A,A,(1—1)*1A+1,(I—l)*IA+Il,(J—1)*IA+1,(J—l)
2*Ia+T1,A(I,J),A(I,J),11,1,IQA,IQB)
5 IF(J-1)6,7,8
7 IF(A(I,1))99,99,93
3

93 A(I,I)=DSQRT(A(I,I))
GO TO 6

8 a(1,J3)=A(1,J3)/A(I,I)

6 CONTINUE
IF(NR)1,1,99

99 IF(M1)1,19,18
16 DO 2 J=1,NR
IF(11)2,3,4
4 IQA=IA*IA
IQB=IB*IA
CALL MczsAD(A,B,(I—l)*IA+l,(I—l>*IA+Il,(J-l)*IB+l,(J—l>
o*1B+11,B(I,J),B(I,J),11,1,I0Q2,I0B)
B(I,J)=B(I,J)/A(I,I)
CONTINUE
CONTINUE
IF(NR)18,18,19
19 DO 227 J=1,NR
Do 127 Il=1,M
I=M+1~I1
IF(I1.EQ.1)GO TO 327
28 IQA=IA*IA

N W




IQB=IB*IA
CALL, MCZ3AD(A,B, T*TA+I, (I+I1-2)*IA+I, (J-1)*IB+I+1,
2(J—1)*IB+I+11~1,B(1,J),B(I,J),Il-l,l,IQA,IQB>
327 B(I,J)=B(I,J)/A(I,I)
127 CONTINUE
227 CONTINUE
18 IF(ML.)29,29,11
11 DO 22 I=1,M
A(I,I)=1.9D0/A(I,I)
22 CONTINUE
DO 24 I2=1,M
I=M+1-1I2
I1=I+1
DO 31 J2=1,I
=T+1=J2
J1=J+1
IF(I-J)29,23,25
23 w=a(I,I)
IF(M-1)29,32,26
25 W= .90Dd
IQA=IA*IA
IQR=IQA
CALL MCQBAD(A,A,(Jl—l)*IA+I,(I—l)*IA+I,(Jl—l)*IAﬁJ,
2(I-1)*IA+J, W, W, I-J1+1,1,I0A, IQB)
26 IQA=IA*IA
IQB=TQA
CALL MC@3AD(A,A,(I—1)*IA+11,(I—l)*IA&M,(Il—l)*IA&J,(M—l)
1*TA+T,W,W,M-I1+1,1, IQA, IOB)
32 A(I,J)=W*A(J,J)
31 CONTINUE
24 CONTINUE
I1=M-1
DO 29 I=1,I1
J1=TI+1
DO 3@ J=J1,M
A(I,3)=A(J,1)
3@ CONTINUE
29 CONTINUE
20 N=0J
70 RETURN
9% WRITE(2,91)
=1
GO TO 79
91 TORMAT(32H MATRIX IS NOT POSITIVE DEFINITE)
END
SUBROUTINE MCﬁ3AD(A,B,KAl,KAz,KBl,KBz,c,s,N,IFLAG,IQA,IQB)
DOURLE PRECISION A,B,C,S,SUM
DIMENSION A(IQA),B(IQB)
Ka=0
KB=0
IF(N.EQ.1) GO TO 6
Ka=(KA2-KAl)/(N-1)
Kp=(KB2-KB1)/(N-1)
6 S=C

-224-




IF(IFLAG.GT.1)S=-S
IF(N.EQ.¥) GO TO 8
SUM=2 .
Do 19 J=1,N
IA=(J-1)*KA+KAL
IR=(J-1)*KB+KB1
SUM=SUM+A (IA)*B(IB)

19 CONTINUE
IF(IFLAG.FQ.1.0R.IFLAG.EQ. 3)SUM=-SUM
S=S+SUM

8 RETURN
END
SUBROUTINE VBElA(Xl,YY,VM,W,M,X,E,N,L,A,IA,MN(EN)
IMPLICIT DOUBRLE PRECISION (A-H,0-Z)
DIMENSION XX(199),YY (M) ,WW(M) ,W(M) X(25),E(25),A(15,15)
DIMENSION SF(15),C(15,15),x1(10@, L), (15)
DIMENSION D(lS),S(lS),T(lS),U(lS),V(lS),F(lS),W(lS),
1AA(15,15)
COMMON //SF, IDVH
NDF=M~-N
DF=FLOAT (NDF')
RHO=. 25D0
SIG=.75Dd
Q=3 .0Dd
QC=1.9D3d
Ss=4.2Dd
Do 4 J=1,N
V(J)=9.0D3
DO 4 K=1,J
4 a(J,K)=0.0D90

IFL~0
TSS=0 . ODJ
TY= . 0DJ
TTY=0 . 0DJ
DO 97 I=1,M

97 TY=TY+YY(I)
Do 5 I=1,M
DO 159 J=1,L

150 XX(J)=x1(1,J)
CALL DERIV(XX,X,F,FUNC,N,L)
IF(IFL.EQ.%)GOTO3
WRITE(2,1999)

1000 FORMAT('@INITIAL DATA CAUSES IFL TO BE SET BY DERIV')

RETURN

3 55=SS+HWW(I)* (FUNC-YY(I))**2
TSS=TSS+HWW (I )*YY(I)*YY (L)
PTY=TTY+WW (I )* (YY (I)-TY/M)**2
Do 5 J=1,N
v(J)=v(J)+ww(I)*(FUNc—YY(I))*F(J)
DO 5 K=1,J

5 A(J,K)=A(J.K)+WW(I)*F(J)*F(K)
DO 6 J=1,N
DO 6 K=1,J

6 AA(J,K)=A(J,K)
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CALL MA1@AD(AA,D,N,d,NR,1,15,1)

po 7 I=1,N
7 E(I)=pA(I,I)/(DF*1.0D2)

IR=1

IT=0

DO 19 I=1,N

D(I)=A(I,I)

IF(D(I).ILE.J.)D(I)=1.

19 CONTINUE
DO 18 I=1,N
18 T(I)=DSQRT(D(I))
2¢ CONTINUE
c WRITE(2,19@1)IT,IR
Cl991 FORMAT('Q',3014)
C WRITE(2,1002)SS
1902 FORMAT(1X,8D15.7)
DO 888 IQX =1, N
Q0 (IQX)=X(IQX)/SF(IQX)
888 CONTINUE

WRITE(2,10@2) (QQ(1), I =1, N)

WRITE(2,1092) (X(1),I=1,N)

WRITE(2,1092) (V(1),I=1,N)

IT=IT+1

po 31 I=1,N

U(I)=A(I,I)

IF(U(I).GE.J.9Dd)GOTO31

WRITE(2,1093) I,1

1003 FORMAT('@ERROR IN A(',I3,',',I3,")")

RETURN

31 CONTINUE

35 CONTINUE
DO 36 I=1,N
S(1)=v(I)

36 A(I,I)=U(1)+Q*D(I)

CAIL, MAI@AD(A,S,N,1,NR,d,15,1)

IF(NR.EQ.d)GOT04d

Q=2 .0Dd*Q

IF(Q.EQ.0 .00 )O=1 .0DJ

GOTO35

49 CONTINUE
po 37 I=1,N
37 W(I)=S(I)

CALL MC@3AD(V,W,1,N,1,N,d.,VW,N,0,15,M)

IF (VW.LE.d.0D9 )GOTO87

DO 42 I=1,N

7= (I)*W(I)

IF(I.GT.1) CALL MCO3AD(A,W, I, (I-2)*15+1,1,1I-1,%,%,1-1,
19,225,M)

IF(I.LT.N) .
1CALL MC@3AD(A,W, (I-1)*15+I+1, (I-1)*15+N,I+1,N,Z,Z,
1N-I,9d,225,M)

42 s(1)=2.0D0*V(I)-Z
CALL MC@3AD(S,W,1,N,1,N,9.,DQ,N,d,15,M)
JJI=0




IFL=9
Do 5¢ I=1,N
IF(W(I)**2.GT.E(I)*SS/1.0D4)JJ=JJ+1
S(I)=X(1)
53 X(I)=X(I)-W(I)
SSP=0 . 0D
DO 5¢1 J=1,N
VW (J)=0.0D3
DO SP1 K=1,J
501 AA(J,K)=0.9D0
DO 592 I=1,M
DO 169 J=1,L
160 XX(J)=xX1(1,J)
CALL DERIV(XX,X,F,FUNC,N,L)
IF(IFL.EQ.J)GOTO51
Y=.1Dg
DS=0 .3DJ
GOTO52
51 CONTINUE
SSP=SSP+HWW( T )* (FUNC-YY (I))**2
DO 592 J=1,N
VW (J) =0 (J)+HW (I ) * (FUNC-YY (1)) *F(J)
DO 502 K=1,J
52 AA(J,K)=BA(J,K)+WW(I)*F(J)*F(K)
IR=IR+1
DS=SS-SSP
WRITE(2,4567) JJ,DQ
4567 FORMAT(1HJ,I119,D15.8)
IF((JJ.EQ.@.OR.DQ.LE.@.@D@.OR.IR.GE.MAXEN).AND.DS.GE.RHO
1*DQ)GOTO8d
IF(DS.GE.RHO*DQ )GOTO6D
Y=.5Dd
7=2 . @DG*VW-DS
IF(Z.GT.0.0D0 ) Y=VW/Z
IF(Y.GT..5D3)Y=.5Dd
IF(Y.LT..1Dg)Y=.1Dd
52 CONTINUE
IF(Q.NE.d.0DJ )GOTO58
Y=2 .0D3*Y
DO 521 I=1,N
521 A(I,I)=1.0D0/A(I,I)
DO 522 I=2,N
II=I-1
DO 522 J=1,1T
CALL MCO3AD(A,A, (J-1)*15+7, (I-2)*15+J, (I-1)*15+J, (I-1)
1%15+I-1,0.908,%,1~J,3,225,225)
522 A(J,I)=2z*A(I,I)
DO 533 I=l,N
DO 53 J=I,N
CALL MC@3AD(A,A, (J-1)*15+T, (N-1)*15+1, (J=-1)*15+7, (N-1)
l*lSH,@.@D@,Z,N—J—Fl,E,Z?_S,.27_5)
53 A(I,J)=ABS(Z)
533 E(I)=A(I,I)/(DF*100.)
Q=0 .9D3
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N0

55

57
56

54

58

59

6d

79

72

80

81

83

85
87

TR={ . 000

DO 54 I=1,N
TR=TR+A(I,1)*D(I)
7= . 3D

DO 55 J=1,I
7=7+A(J,1)*T(J)
IF(I.EQ.N)GOTO56
II=T+1

Do 57 J=II,N
7=7+A(I,J)*T(J)
CONTINUE

Z=7*T(1)
IF(7.GT.Q)Q=Z
CONTINUE
IF(TR.LT.Q)Q=TR
Q=1.9D4/0Q

QC=Q

CONTINUE

=Q/Y
IF(DS.GT.9.0DJ )GOTO73
DO 59 I=1,N
X(1)=s(1)

GOTO35

CONTINUE
IF(DS.LE.SIG*DQ)GOTO7d
Q=Q* .50
IF(Q.LT.QC)=J .00
CONTINUE

SS=SSP

po 72 I=1,N
v{I)=wW(I)

Do 72 J=1,1I
A(I,7)=nA(I,J)
GOTO29

CONTINUE
IF(DS.LE.J.0D3)GOTO83
SS=SSP

Do 81 I=1,N
v(I)=wW(I)

po 81 J=1,1I
A(I,J)=RA(I,J)
GOTO84

CONTINUE

Do 85 I=1,N
X(I1)=S(I)
CONTINUE

Do 86 I=1,N
A(I,1)=0(I)
CONTINUE
WRITE(2,1091)IT, IR
WRITE (2, 1092)SS

WRITE (2, 1002) (X(1),I=1,
WRITE (2,1002) (V(I),I=1,

DO 99 I=1,M

N)
N)
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DO 179 J=1,L
179 XX(J)=x1(I1,J)
9¢ CALL DERIV(XX,X,F
CALL MAlZAD(A,D,N,
VAR=SS/DF
SEST=DSQRT (VAR)
CF=TY*TY /M
RSQ=(TSS-8S) /TSS
RSQ1l=(TTY-SS)/TTY
DO 91 I=1,N
DO 92 J=1,N
92 A(I,J)=A(I,J)*VAR
91 E(I)=DSQRT(A(I,I))
WRITE (2, 2000 )
20¢¢ FORMAT (1H@,4X,1HI, 10X, 'V(I)',16X, 'S.E. OF v(n)',//)
DO 93 I=1,N
X(1)=X(1)/SF(I)
E(I)=E(I)/SF(I)
93 WRITE(2,2001)1,X(1),E(I)
2001 FORMAT(1X,I5,2D29.8)
WRITE(2,2002)SS,NDF, SEST
20@2 FORMAT(///,1X, 'RESIDUAL SUM OF SQUARES=',D16.8,//
11X, 'DEGREES OF FREEDOM=',14,//
11X, 'S.E. OF RESIDUAL.=',D16.8,//)
WRITE(2,70@3) TSS,RSQ,RSQL
70@3 FORMAT (1H , 'UNCORRECTED SUM OF SQUARES 1s',Dl5.6/1X,
2 'R—SQUARED IS',F8.4/1X,'R-SQUARED ABOUT MEAN Is',F8.4//1X,
3'CORRELATION MATRIX',//) :
DO 99 I=1,N
DO 99 J=1,N
99 C(I,J)=A(I,J)/DSQRT(A(J,J))/DSQRT(A(I,I))
CALL OAJ1A(C,N,N,15)
IF(L.CGT.3) L=3
WRITE(2,2093)(1,I=1,L)
2@@3 FORMAT (8X,'OBS Y',10X, 'FITTED y',11%, 'x',11,15%, 'X', 11,
115X, 'X',I1)
WRITE(2,2095)
2005 FORMAT (1HJ)
DO 94 I=1,M
IF(IDVH.EQ.l)WRITE(9,1958)YY(I),W(I),(Xl(I,J),J=l,L)
94 WRITE(2,2®@4)YY(I),w(I),(x1(1,J),J=1,L)
1958 FORMAT(G19.19)
2004 FORMAT(5D16.5)
RETURN
END
SUBRRCUTINE OAZ1A(A,M,N,IA)
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION A(199)
C INITIALISE MATRIX COUNT.
INTEGER * 4 IM '
DATA IM/@/
IM=IM+1
IP=1
J3=(N-1)/6+1
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DO 191 J=1,J3
J1=6*J-5
J2=6*J
IF(J2-N)6,6,7
7 J2=N
6 IP=IP+1
WRITE(2,4) (J4,34=71,J2)
4 FORMAT (6I11)

WRITE(2,3)
3 FORMAT (1X)

Ml=1

M2=1

M3=0

Dol I1=1,M

Kl=TA* (J1~1)+I
K2=TA* (J2-1)+I
WRITE(ZIS)II (A(K) IK=K11K211A)
5 FORMAT (I5,6F11.5)
IF (M1-6)9,14,9
10 WRITE(2,8)
8 FORMAT (1X)
M1=0
9 IF (M2-309)11,12,11
12 IF (M2-M) 13,1,1
13 WRITE(2,4)(J4,J4=J1,J2)
IP=IP+1
M2=0
11 M1=M1+1
M2=M2+1
1 CONTINUE
101 CONTINUE
RETURN
END
C TO CALL USER SUBROUTINE AND CALCULATE PARTIAL DERIVATIVES
SUBROUTINE DERIV(X,V,F,Z,M,L)
TMPLICIT DOUBLE PRECISION (A-H,0-Z)
DIMENSION X(L),V(lS),F(M),SF(lS),VU(lS)
COMMON SF
DO 20 I=1,M
2 vU(I)=V(I)/SF(I)
Z=FUNC (X, VU)
C=. 000021
Do 19 J=1,M
H=C/SF(J)
VU (J)=VU(J)+H
71=FUNC(X, VU)
F(J)=(21-2)/8
F(J)=F(J)/SF(J) ,
C WRITE(2,100) %,71,H,SF(J),F(J)
C 109 FORMAT(1H ,6D24.16)
19 VU(J)=VU(J)-H
RETURN
END
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DOURLE PRECISION FUNCTION FUNC(X,P)
IMPLICIT DOURLE PRECISION (A-H,0-Z)
DIMENSION X(2), P(5) -
G=P(2)*DEXP (1. !ZJD@*DI_OG( x(1)))
IF(G.GT.79.9D0) G=79.9D0
IF(G.LT.-79.0D0) G=74.000
Ep(ljfE@(l peEecx(n)y) o .
TF(H.GT.79.0080) BH=78.9D4
IF(H.1LT.-76.008) H=—79.0
A=DEXP(G)
C=P(3)+DEXP(G)
D=P (4 )+DEXP (H)
FUNC"(P(4)*A*X 2))/(RP(5) *C*D)




INPUT VARIABLES'IN'THE'MATHEMATICAL'MODELTPROGRAM

RUN ~ experimental Tun number
N number of data points to/opﬁ;mise;fr
M number of parameters .
L number of 1ndependentivar1ables =
MAXFEN  maximum number of 1terat10nsif/i': 7
V(I) ~ initial guesses of the paraméters
INT 0 -
”X(EL,J);,molecular welcht and welcht fractlon of'ériginal \ﬁ\

*YSamplefQC

\YThL)N* Wwe1ght fractlon of flnal s'mple /:}~

IEC 0

g 1.0

Q 1.0

AM'_  ;umblegular“weight Of;?fi

weight fraction of origi
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19 DIM A(409),Z(5)
6000 I=1:T1=TI:Y=1l

6019 GO SUB 7409

6029 E=TI-TL

6030 IF E<129 THEN 6020
6049 IF Y=5 THEN 6499
6050 Y=Y+1:T1=T1

6060 GO TO 6d19

6099 T1=TI -
6100 A(T)=7(1)+2(2)+2(3)+2(4)+2(5))/5
6105 PRINT"READING";I/6;"=";A(I),A(I)/4

6510 IF I<36Q THEN 6750

655¢ FOR =156 TO I

6568 OPEN 1,4,1

6570 OPEN 2,4,2

6580 F$="9999.99 $9999.99 $9999.99"
6590 PRINT#2,F$

6600 PRINT#1,0/6,A(Q),A(Q)/4
6610 CLOSEL:CLOSE2

6629 NEXT Q

6650 END

6750 Y=1.0:I=I+1

6760 GO TO 6019

7009 OPEN 1,9,1

7010 GET#1,J%,KS

“g2F IF K$="" THEN K=-224:G0 TO 7049
7930 K=ASC(K$)-224

764F IF K<@ THEN D=(K+32)*-1

7950 IF K>=0 THEN D=K

7060 D=D*256

“g7¢ IF Jg="" THEN J=0:GO TO 7890
7080 J=ASC(J$)

7090 IF K<@ THEN J=J*-1

7100 7(Y)=J+D

7195 PRINT z(Y),z(Y)/4

7119 CLOSEl

7120 RETURN
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1 DIM AM(190),W(199)

2 DIM U3(1®@),U4(1®®),v5(1z@),v2(1@@)
3 DIM U(l@@),u1(1®@),v(1®®),v1(1®@)
19 I=1

15 PRINT"TYPE IN M.W."

2¢  INPUT AM(I)

3¢  PRINT"TYPE IN WGT"

4  INPUT W(I)

45 IF W(I1I)=0.0 THEN 60

5 =I+1

55 GO TO 15

60 OPEN 1,4

65  PRINT41:PRINT#1:PRINT#1

2¢ ~ PRINT#1," M.W SYR.I SYR.IR SUP.IR FIN.SUP FIN.SYR"
75  CLOSEl

8¢  PRINT"TYPE IN C,D,E,F,P,Q,WSU,WFSY"
85 INPUT C,D,E,F,P,Q,WSU,WEFSY
86 S=.3:81=0.0:52=0.0:53=0.9

9 FORJ=l TO I

95  Y=C*(AM(J)**Q)

109 IF Y<75 THEN 110

195 Y=75

119 R=((D+EXP (Y))*WSU)

115 Al=D*W(J)

130 G=E*(AM(J)**P)

135 IF G<75 THEN 145

149 G=75

145 A=D*EXP(G)*W(J)

15¢ Bl=(F+EXP(G))*WFSY

155 B2=(D+EXP(Y))

156 V3=A/Bl

168 V5(J)=V3/B2

161 U3(J)=Al/R

162 UA(J)=(W(J)-(Wsu*u3(J)))/(1-WSU)

163 V2(J)=((WSU*U3(J))—(WFSY*VS(J)))/(WSU—WFSY)
164 S=S+U3(J)

165 S1=S1+U4(J)

166 S2=S2+V5(J)

167 83=83+V2(J)

168 NEXT J

169 FOR J=1 TO I

17¢  U(3)=(U3(J)/S)*1000

171 UL(J)=(U4(J)/S1)*1009

172 v{(J)=(V5(J)/S2)*1000

173 V1(J)=(v2(J)/S3)*1000

19¢ OPEN 2,4,1

195 OPEN 3,4,2

2g¢ PRINT#3,"9999999.9 9999.99 9999.99 9999.99 9999.99 9999.99"
205 PRINT#2,AM(J),W(J),Ul(J),U(J),Vl(J),V(J)
218 CLOSE2:CLOSE3 :

2200 NEXT J

23 OPEN 1,4

249 PRINT#1 : PRINT#1 : PRINT#1

55 PRINT#1," C¥1@**35 D E*1g**g5 F "



260
265
270
275
280

285

290
300

319

OPEN 3 14 I 2

C=INT (C*100000000+3 .5 ) /1090
E=INT(E*1@@Q@®@@@+®.5)/1@@6
D=INT(D*1000+3.5) /1000
F=INT (F*1000+.5) /1000

OPEN 2,4,1

DRINT#3," 9999.999 9999999.999 9999999.999 99
PRINT#2,C,D,E/F -
CILOSEL : CLOSE2 : CLOSE3




INPUT VARIABLES IN THE PROGRAM FOR CALCULATING THE MWD's

PREDICTED BY THE MODEL

AM(I) molecular weight of original sample
W(I)  weight fraction of origiﬁ?i Eaﬁﬁié;;i

€ mathematical model~cpﬁéfaﬁti(predic%e€)///J“

mathematical model cbﬁét@ﬁti(@fédiéted)

mathematical model~con§§aﬁt*fﬁfédicted)

D
E
F V mathematical mbdel Cohﬁtaﬁti(pfédiCted):
g el /

Q

10

" WSU“ f\  Wt%“dfl§ﬁpeerRH'

WESY = Wt3% of final syrup
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calibration constant in equation 3.3.11
mean of the large parent group

mean of the sample measurement

constant in equation 3.1.53

asymmetry factor

calibration constant 1n equation 3.3.11
calibration constants in equation 3.3.16
constant in equation 3.1.3

constant in equation 3.1.30

constant in equation 3.1.30
mathematical model constant
concentration of polymer in bottom phase
concentration of polymer in top phase
mathematical model constant
polydispersity

difference in potential energy
mathematical model constant
mathematical model constant

partial molal free energy of mixing of the ith
fraction of the polymer

partial molal free energy of mixing of the solvent
partial molal free energy of mixing of the polymer
normalised chromatogram heights

chromatogram heights

height of an equivalent theoretical plate
molecular weight dependence coefficient

Boltzmann constant

distribution coefficlent

length of packed column
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R.S.S.
s.d.

light-scattering

mass
mass
mass
mass
mass
mass
mass
mass
mass

mass

of
of
of
of
of
of
of
of

of

of

dextrans
dextrans
dextrans

dextrans

in
in
in

in

dextrans in

species
species
species
species

species

molecular weight

1

in
in
in

in

~in

syrup IR

final syrup
starting solution
final superT
super IR

syrup IR

final syrup
starting solution
final super

super IR

mnolecular weight of species i

number

welght

number

number

number

average molecular weight

average molecular weight

of measurements in sample group

of molecules of Mi

of theoretical plates

Avogadro's constant

concentration dependence of u

mathematical model constant

Stokes'

radius

gas constant

residual sum of squares

standard deviation

residual sum of squares

Student's t value

temperature

volume of syrup IR dextran solution
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Wt

volume of final syrup dextran solution
pore volume

volume fraction of the ith fraction of the polymer
pore volume accessible to the species
hydrodynamic volume

void volume

volume of original dextran solution
elution or retention volume

volume of final super dextran solution
total liquid volume

volume of super IR dextran solution
volume fraction of all polymer molecules
weight fraction

baseline width

weight percentage

pgak width at‘one~ha1f the peak height
weight of molecules of M.l

ratio of the molecular volumes of polymer molecule
and solvent

number average molecular size

correlation coefficient

critical liquid composition

Simha constant

intrinsic viscosity

energetic parameter

polymer/solvent interaction parameteT
constant in equation 3.1.22

constant in equation 3.1.27

weight fraction of species i in the sSyTup IR
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U weight fraction of species 1 1n the original

solution
Hsf weight fraction of species i in the final syrup
u;f ¥elght fraction of specie; i in the final syrup
rom GPC analysis : / '
Hog ~ weight fraction of / ’;fi§§lsﬁp§r
i weight fraction of t super IR -
104.» partition coefficienti / ‘
o Standard deviation of the ﬁea;;;fc

o] . number of peaks resolved 1n a column
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