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SUMMARY

Reviews are given of chromatographic theory with
particular reference to gel permeation chromatography. The
various process schemes that have been proposed for preparative
and production scale chromatography have been discussed.

A laboratory scale unit was made available in which a
solute rich liquid system is made to move counter-current to a
liquid held in the pores of a solid porous support. Polymeric
fractionation of dextran is achieved on the basis of molecular
size. The counter-current movement is obtained by moving an
annular bundle of 44 interconnected tubes (28.5 cm x 0.8 cm) about
fixed liquid input and output ports. Cam operated spring loaded
valves ensure the unidirectional flow of Tiquid counter-current
to the direction of rotation of the bundle. The operation of the
equipment is dependent on the reliability of a moving face seal.
Mechanical difficulties were encountered with the moving face
seal, which reduced the amount of experimental work that could be
performed using the equipment.

Experimental studies have been carried out in which the
continuous chromatographic process has been applied to the
fractionation of dextran. Dextran with a weight average molecular
weight of 32,000 and a molecular weight distribution of about
2000 to 300,000 was used. The effect of increasing the feed
concentration from 0.5% w/v to 20.8% w/v at a nominal feed rate
of 9.5 cm3 min"] has been investigated. A concentration dependent

partition coefficient was shown to influence the process.



1 have been achieved. The

Throughputs of up to 1.14 g hr~
equipment has successfully been used to fractionate dextran
to give a molecular weight distribution comparable with that
produced by ethanol precipitation. The eluent and chromatographic
packing used were distilled water and Spherosil X0B075
(200 =400 um).

Attempts have been made to elucidate the influences
of process operating parameters using a synthetic binary mixture,
dyed bovine serum albumin and dyed pepsin. A decrease in the
surface tension of the sealed fluid was shown to adversely affect the
operation of the mechanical seal.

A computer simulation of the process has been developed.

This enabled the key parameters affecting the process to be

theoretically determined.
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CHAPTER 1

INTRODUCT ION




The fundamental need for separation processes is epitomized
by Treybal's comment that: "a substantial number of the unit
Operations of chemical engineering are concerned with the problems of
changing the composition of solutions and mixtures through methods not
necessarily involving chemical reactions. Usually these operations are
directed toward separating a substance into its component parts".

In all the developed processes, separation is achieved by components
differing in their physical properties. These processes can be
divided into two categories. Firstly the techniques of mechanical
separation such as the filtration of solids from a suspension in a
Tiquid, the screening of a solid into fractions of different particle
size or the separation, according to density, of particles of a ground
solid. Secondly there are those processes involving a change in the
composition of a solution. These processes form the mass transfer
operations.

The applications of these operations in the chemical and
process industries are numerous. There is rarely a chemical process
that does not require a mass transfer operation in one form or another
for the preliminary purification of raw materials or the final
separation of products from by-products. Included in this type of
process are the classical separation processes of distillation and
liquid-Tiquid extraction. However in addition to these and other
commonly used mass transfer operations there are several comparatively
new processes such as zone refining, electroldialysis, ultrafiltration
and electrophoresis. These operations are used relatively infrequently

although they are rapidly increasing in importance.



The increasing demand for pure chemicals has not only
promoted the use of newer separation methods but has also stimulated
research into developing novel processes. One such process is
chromatography. Following the successful demonstration of elution
gas/liquid chromatography by James and Mart1n2 the technique has
become firmly established as a powerful method for the resolution
of chemical mixtures on a small scale.

Chromatography involves the partitioning of differing
solutes, by a variety of means which are discussed in Section 4.1,
between a mobile and a stationary phase. The degree to which a
solute is retarded by the stationary phase governs the rate at which
it progresses through a chromatographic column. Hence, if a
mixture is injected into a stream of mobile phase, which can be
either a gas or a liquid, passing through a column packed with a
suitable stationary phase the constituent components will be eluted
from the column at different times and therefore separated.

The potential of chromatography was soon realised and the
problems of improving throughput and scale-up tackled by several
researchers.  Though its development as an analytical technique was
meteoric, many problems have impeded its development as a large scale
unit operation. Despite this the direct scale up of the analytical
technique has taken place.

The restrictions imposed on throughput by this mode of
operation have, however, limited its development. Consequently,
because of the advantages of continuous operation, a number of novel
designs for both cross and counter current continuous chroma tography
have been proposed. The designs for cross-current operation have

subsequently not proved practical on a large scale.



Counter-current continuous chromatography has actively

been developed by Barker and co—workers3'9

who have successfully
demonstrated its viability with the separation of a wide range of
volatile organic compounds. More recently the equipments

9 have been applied to gel

developed and used by Barker g;ﬂgl,3_
permeation chromatography (G.P.C.), a form of liquid-liquid
chromatography.

Continuous chromatography has many possible industrial
applications when G.P.C. is the type of chromatography employed.
Unlike other forms of chromatography G.P.C. relies on the differences
in molecular size to govern the partitioning of solutes in
solution between a 1iquid mobile phase and a 1iquid contained within
the pores of a porous material. The 1iquid in both phases is the
same and it is the variation in pore sizes and molecular sizes which
determine the degree to which individual solute molecules permeate
the stationary phase. Separation and fractionation therefore occur
on the basis of molecular size rather than by solubility or boiling
point.

The terms separation and fractionation are often used
interchangeably but in this thesis they are used to distinguish
between (i) chemical systems where the components have identical
chemical properties and only differ in molecular size, for example
the fractionation of polymers; and (ii) chemical systems where
the components differ in both chemical and physical properties,

for example the separation of glucose and soluble starch.



Gel permeation chromatography has applications in the
separation of such chemicals as enzymes, proteins, isomers and
pharmaceutical products. It is currently used in a batch mode
of operation to commercially produce insulin in Sweden]O. Since
separation is on the basis of molecular size it can also be
used to fractionate polymeric materials such as dextran, a
polyglucose extensively used as a blood plasma substitute and in
preparations for the treatment of anaemia. This particular possible
application prompted Fisons (Pharmaceuticals) Ltd. to financially
support an investigation into the feasibility of using continuous
G.P.C. to improve the molecular weight distribution of commercially
produced dextran. Experimental work carried out as part of this
research formed an integral part of this investigation. A fellow
researcher, F. J. Ellison, was also involved in this study, but was
concerned with developing equipment suitable for large scale studies.

The development of continuous liquid-liquid chromatography
has gone through a number of stages, illustrated in Figure 1.1. In
common with other development projects research has continued on a
conditional basis until the first "accept" point (Figure 1.1). An
important feature in the development of continuous G.P.C. was that once
the initial idea had been successfully demonstrated two parallel lines
of development were undertaken. These were large scale applications
of the process with a view to its development as an industrial separation
technique and more important from the point of view of this thesis was
its small scale development.

Information from a small scale study of a process is useful

in a number of ways. It provides data on equipment performance and
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design and also gives scale up information on the influence of
operating parameters for larger scale studies. These factors were
of particular importance in chromatography because of the high cost
of chromatographic media. In addition, a small scale piece of
equipment is useful to assess the potential of possible systems for
study on a large scale.

The success of a prototype continuous chromatographic unit

used by Hatt]1

prompted Rank Hovis McDougall (Research) Ltd. to
commission the design and construction of a unit similar in design to
the prototype but which theoretically eliminated the mechanically
weak features. This equipment was the main piece of apparatus used
in the research program, one aspect of which was to investigate the
operation of this new chromatographic machine.

Experimental studies were to be undertaken to provide
information on the feasibility of using this type of fractionation
technique to improve polymer molecular weight distributions. In
addition to this the influence of the operating parameters was to be
investigated so as to provide information for a study of the
fractionation, on a large scale, of dextran by continuous G.P.C.

The complexities of quantitatively analysing a mass transfer
process using polymeric materials are well known. Therefore, using
a suitable binary system, experimental studies were to be carried out
in an attempt to understand the basic process.

From the experimental studies a model of the process was
to be attempted. In common with other mass transfer processes an
equilibrium stage model could be adopted to enable a more detailed

study.



CHAPTER 2

CONTINUOUS CHROMATOGRAPHY




The literature survey has been divided into two parts.
The first part is discussed in this chapter and deals with the
basic concepts and terminology used in chromatography and the
way it has been applied as a technique for the continuous separation
of chemicals. Particular attention is paid to the different modes
of continuous chromatographic operation together with practical
details where available. The second part of the literature survey,
given in Chapter 4, is devoted to one aspect of liquid-liquid
chromatography, namely "Gel Permeation Chromatography" (G.P.C.).
The theory behind this type of chromatography and the practical

problems associated with its application are reviewed and discussed.

2:1 CONCEPTS AND TERMINOLOGY

The basic theory of chromatography is given in the
following subsection to provide an introduction to the subject area.

More specific details are given in a number of general texts]2'14.

2051 The Basic Process

Regardless of the particular type of chromatography, an
essential feature of the process is the flow of an inert fluid
carrier, termed the "mobile phase", which contains a mixture of
solutes to be separated through a column packed with a finely
divided particulate solid, called the "stationary phase". The
solutes are retarded by the stationary phase to varying degrees

depending on their individual affinities for the stationary phase.



As a result of this preferential retardation, solute bands move

12

at a fraction, R, of the mobile phase velocity. Giddings “ has

defined R, at infinite dilution, in four ways.

(i) The relative solute band migration rate.

(ii) The probability that a solute molecule is in
the mobile phase.

(iii) The limiting fraction of time a molecule
spends in the mobile phase.

(iv)  The fraction of molecules in the solute band

in the mobile phase at equilibrium.

From these definitions it can be seen that the migration
of a solute band is governed by equilibrium parameters. However,
since the nature of fluid dynamic dispersion]5 and mass transfer
processes operating in porous media cause spreading of the solute
band, the precise value of R only applies to the band centre; i.e.
equilibrium between the solute in the stationary and mobile phase
only occurs at the point of maximum concentration in the migrating
solute band.

Figure 2.1 shows a typical chromatogram obtained when two
components, 1 and 2, are fully resolved by the chromatographic
process. The retention time of individual components contain a
contribution from the extra column apparatus, the injection and
detection system, the sum of which is designated the "dead time", tp-
Retention times can be related to volumes through the mobile phase

flow rate. Hence the elution volume, Ve, of a component can be
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calculated from,

where:
Q = volumetric flow rate (elution rate)

t'R = "adjusted" retention time.

Since a component can only progress through a
chromatographic column whilst in the mobile phase, its "partition"
or "distribution" coefficient, K, determines the rate at which it
moves. A component's partit%on coefficient is defined as the
equilibrium ratio of the component concentration in the stationary
phase to the concentration in the mobile phase.

C
Therefore K = ES
m

o
n

solute mobile phase concentration.

(]
n

solute stationary phase concentration.

The partition coefficient can also be expressed in terms of

measured volumes,

K = Vo= Yo
V.
§
where: Ve = solute elution volume
VO = column void volume, equivalent to the
elution volume of an unretarded component
V; = stationary phase volume.

241

2.2

2.3
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From the definition of the retention factor, R,

12

given by Giddings ~, K may also be expressed as,

The partition coefficient is therefore a measure of
the affinity of a solute for the mobile phase and it is independent
of the column on which it is measured. The ratio of the partition
coefficients between the two different solutes, namely the
"separation factor", defines the ease with which the solutes can

be separated.

2
S = 7
M
S = Separation factor.
By convention Kz > K]. The nearer the separation factor is to

unity the more difficult the separation becomes.

2.1.2 The Theories of Chromatography

Van Deemter et a].]s, by making use of the following

assumptions, established that chromatography has four forms.

(i) The equilibrium concentration in the two phases
are proportional - a linear partition isotherm

operates ("Tinear chromatography").

2.4

2:9
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(i1)  Longitudinal diffusion and processes such as
a non-uniform velocity profile that cause
spreading of a solute band are assumed to be small.
Mass transfer is infinitely fast, equilibrium
between the two phases immediate and the exchange
process is thermodynamically reversible ("ideal

chromatography").

The forms that chromatography can take are as follows:
(1) Linear - ideal.

(1)  Non-linear - ideal.

(ii1) Linear - non ideal.

(iv)  Non-linear - non ideal.

The first of these, linear - ideal chromatography, is
the simplest case and assumes that the retardation of a solute depends
on the product of the partition coefficient and the ratio of the
mobile and stationary phases present in one unit volume. It
further assumes that the shape of the solute band remains unaltered
and that different solutes behave independent1y17.

In non-linear ideal chromatography the effects of a
non-Tinear isotherm are appreciable but since mass transfer is
assumed to be fast, diffusional effects are neglected. In contrast
solute interaction can affect individual solute partition coefficients

which has restricted a rigorous treatment of this type of chromatography.



T

Linear - non ideal chromatography involves the assumption
of a Tinear isotherm.  Consequently the shape of a solute band
remains symmetrical but broadens due to the slowness of solute
transfer between the two phases.

The last form of chromatography, non-linear non ideal is the
most general case. The solute bands are both diffuse and assymetric.
KTinkenberg and S,jem'tzer-]8 have proposed kinetic based theor{es for
this type of chromatography and the mathematics involved become very
complex.

In common with other mass transfer processes there are
two basic theories which can be used to interpret their operation,

the plate theory and the rate theory. Martin and Synge]9

were the
first to realise the similarities between the chromatographic elution
technique and the processes occuring in distillation columns and,
therefore, adopted the plate theory, which treats the chromatographic
column in terms of idealised discontinuous flow model. The second
theory, the rate theory, treats the column as a continuum and takes
into account the various kinetic phenomena governing mass transfer

between the two phases. These phenomena contribute to the broadening

of a solute band as it passes through a chromatographic column.

2.1.2.1 The Plate Theory

The plate theory is the simplest theory and utilises the

following assumptionszo.

(1) The chromatographic column is conceived as

consisting of volume elements, or plates.
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(ii) The partitioning of the solute between the
mobile and stationary phases, on each plate,
is assumed to be fast and therefore
equilibrium is established instantaneously.

(iii) The partition coefficient of a solute is
independent of concentration and hence constant
throughout the column; 1i.e. linear isotherm
is assumed.

(iv) Solute diffusion in the axial direction is
confined to individual plates, and is therefore
neglected.

(v) The mobile phase flow is discontinuous,
consisting of a stepwise addition of volumes
of mobile phase, each equal to the free volume

of a plate.

The effect of this stagewise operation on a single solute
band, in the ideal case, is to spread the band into a Gaussian
distribution curve. The degree of spreading of a solute band is
quantified by the second moment, or variance, of the curve. A
parameter used to characterise the efficiency of chromatographic
columns is the plate height, H, the height equivalent to a
theoretical plate (H.E.T.P.). The term H is defined by,

2
Z

2.6



= Y5

where o% and Z are the length based second moment and the
distance along a column of length, L. Equation 2.6 is the
rate of increase of the second moment per unit length of
column,

Height equivalent to a theoretical plate is an

empirical quantity which can be calculated from;

s Ll o
T6(E,)° N
where:
L = total column length
SH = HAE TR
N = number of theoretical plates
b 2
=16 ‘R
W

An alternative form of the above equation is

N= R
t
W = peak base width
=20t
ot = time based peak standard deviation.

An important feature of Equation 2.6 is that, by

making use of one of the rules of statistics, if there are several

processes which contribute to the peak spreading, and assuming the

2ol

2.8

2.9
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processes are independent of each other, then the variance of
the peak will be the total sum of the variances associated with
each process. The plate height due to individual effects can
then be expressed as,

b GZ[L!i

H = L which is an alternative form of
Equation 2.6.

The plate concept is a misnomer when applied to
differential packed columns, but serves as a useful means of
determining the influence of mobile phase velocity, packing
particle size, solubility phenomena and column packing uniformity
on the efficiency of the process.

In an attempt to reduce the simplicity of the plate theory

2l who, by reducing the plate volumes to infinitely small

Glueckauf
dimensions, developed a continuous plate theory. From this theory
it was shown that the shape of the eluting solute curve was of the
Poisson type. Van Deemter g;_gl,16 have subsequently shown that

providing the total number of plates in the column is large (> 100)

the elution curve could be approximated by a Gaussian distribution curve.

2.1.2.2 The Rate Theory

Rate theories, in principle, take into account the various
kinetic phenomena influencing the spreading of a solute band. A
number of equations both empirical and theoretical have been proposed.
Chapter 4 discusses in detail those expressions that have been developed
and applied to gel permeation chromatography. It is therefore not

proposed at this stage to give comprehensive details of these equations.
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Van Deemter g;_gl,16 developed a theory accounting for
the contribution to plate height of longitudinal diffusion in the
mobile phase, eddy diffusion resulting from the inhomogeneity of
the packing and finally a finite rate of mass transfer. The

equation developed was as follows;

H=A+ 3+ C U+ C .U
where:
A = eddy diffusion term
B = Tongitudinal mobile phase diffusion term
U = the interstitial mobile phase velocity
C'm and C's = the resistances to mass transfer in the mobile

and stationary phase respectively.

Implicit in Equation 2.10 is the assumption that the
individual contributions to plate height, H, are independent.
However it is recognised that this is not the case, a point which

Giddings'2

takes into account in his "coupling theory", where,
in a more realistic manner the resistance to mass transfer in the
mobile phase and the eddy diffusion term are not independent but

coupled. The simplified form of the equation is;

B 1

H=U+CS.U+

1 1
/ /o
A+ “C m+Y

The terms have the same meaning as those given above.

2l
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In addition to the coupling theory Giddings]2 also
developed a more rigorous procedure, "the generalised
non-equilibrium theory".  This theory is concerned only with
the effects of the various mass transfer terms which frequently
(particularly at high mobile phase flow rates) contribute the
most to the plate heightzo. The theory deals independently with
the mass transfer processes in a variety of systems, each having
different characteristics. A guantitative treatment of the theory
is given in the text by Giddingslz. Grushka gg_gl:zo have
qualitatively described the tﬁéory and comment that the difficulty in
applying it is the intractability of the mathematics used to describe

such phenomena as mobile phase mass transfer.

2.2 CONTINUOUS CHROMATOGRAPHIC PROCESS SCHEMES

Chromatography with its unique separating power and near
univeral applicability could become a useful preparative and
production scale separations technique. The major drawback to
achieving a greater degree of application is the limitation on
throughput.  Many researchers have concentrated on the scale-up

232 and have devised a variety of mechanical devices aimed

problem
at improving throughput in the chromatographic process. These

devices fall into two categories.

(1) Batch or co-current systems.

(i)  Continuous systems.
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2.2:1 The Co-Current Process

In the co-current process direct scale-up of the
conventional analytical system has been attempted. The
problems associated with scaling up batch systems with particular
reference to gas-liquid chromatography are discussed in an
excellent review by Deebles. Eﬂison22 has carried out a similar
review, particular attention was paid to the factors influencing
the scale-up of the.liquid-liquid chromatographic process.
Essentially, scaling-up the analytical process has involved the use
of larger diameter packed beds, some of which have incorporated

baffling systemSZB'25

to promote radial mixing and reduce longitudinal
dispersion.  Column utilisation and therefore throughput is increased
by introducing a "repeated injection" technique. Batch samples are
injected at as frequent an interval as the total on-column width of
the preceding sample permits without extensive overlap.

The Titerature provides a number of references to the large
scale application of Tiquid-liquid chromatography. Pharmacia Ltd.
(Upsalla, Sweden) commercially produce a piece of process equipment,
“The Sephamatic Gel Filter", which has been used for the industrial
separation of large and small molecular weight biological components
from milk and whey; it has also been applied to the purification

26,27

of proteins and enzymes Samuelsson et a1.28 have reported using

three 20 cm diameter columns to produce protein enriched milk. Skim

3 min"] were reported in this study.

milk feedrates up to 1000 cm
Columns, 30 cm in diameter, have been used by Jansonlo to separate
rape seed proteins and to purify insulin. The latter is now
commercially produced by Vitrum A.B. (Stockholm, Sweden) using a

battery of six 45 cm internal diameter by 15 cm deep columns packed
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with Sephadex G-50 finelo. In all the examples quoted above, the

29 has

equipment operates in the repeated batch mode. Conder
published a review discussing the criteria that can be applied in the
selection of large columns for repeated batch chromatography over more

conventional separation techniques.

enaL2 The Continuous Systems

The inherent advantages of the continuous mode of operation
over batch operation have been well established. Consequently, since
the introduction of continuous chromatography in ]95650 several
mechanical devices have been put forward whereby continuous operation

is achieved, these can conveniently be put into two classes;

(1) cross current flow processes

(i1)  counter-current flow processes
and are now discussed in detail.

22021 Cross-Current Flow Processes

Cross-current flow processes involve the movement of the
chromatographic bed laterally to the movement, within the bed, of
the mobile phase. The chromatographic bed can be arranged as a
circular array of parallel tubes, a single annular cylinder (Figure
2.2a) or as an annular disc (Figure 2.2b). Rotation of the annulus about
its centre while the mobile phase flows in the axial or radial direction

results in each component describing a helical path (see Figure 2.2a)
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FIGURE 2.2 Cross-current Flow Schemes
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from the point of entry to each individual component exit port.

Martin30

in 1949 proposed a scheme based on this principle and
also provided a theoretical analysis of its operation.
In a theoretical appraisal of a cylindrical rotating

31 concluded that this scheme was

cross-flow bed system Giddings
capable of better resolution and throughput than a conventional
column of similar packed cross-section. Dinelli 93_21,32"35-
constructed a unit based on this principle which consisted of

100 columns, 0.6 cm diameter and 1.2 metres long, arranged to form
an annulus of parallel columns, each column operating as a batch
column. This arrangement was used to successfully separate cyclo-
hexane and benzene at experimental feed rates up to 200 cm3 hr"].

Svenson36’37

has described a circular array of parallel columns as
well as an annular packed bed. Both were capable of continuous
operation and the separation of liquid mixtures.

Fox et a].38'40

and Dunhill and L111y41have reported
using small scale axial flow annular columns for liquid-1iquid
systems.  Both groups of authors employed gel permeation chromatography
and in the case of the former the equipment was used to separate skim
milk proteins and to purify cow heart myoglobin on Sephadex G75.
The application of axial flow annular systems has a restricted
scale-up potential due to mechanical problems, cost and the problems
of achieving a uniform packing density.

Mosier42 has patented a chromatographic unit based on
the rotating annular principle. In this case the feed travels from
the centre of an annular packing, Fig. 2.2b, and moves horizontally

43

rather than vertically. Sussman constructed a practical system
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similar in principle to that proposed by Mosiert? (see Fig. 2.2d).
Called a continuous surface chromatograph this system utilises two
parallel annular discs. Separation occurs between a stationary
phase coated on to surfaces between 50 um and 150 um apart. The
primary application of this system is in the continuous monitoring
and multi-component analysis of gases44.

Tuthi1145’46 conceived a cross-flow chromatographic
process in 1970 termed a “"chromatographic slab", Figure 2.3.
The operating principle is similar to the parametric pumping process

47, in that it achieves a high

proposed by Wilhelm and co-workers
degree of separation by the phased cycling of mobile phase flow and
temperature within a packed bed.

In conclusion it is interesting to note that neither of
the units constructed on the cross-flow principle have been used to
exploit its major theoretical advantage, the ability to continuously
resolve a multi-component mixture in a one-stage operation. Deeb]e8
has noted there are both mechanical and physical disadvantages in the

large scale application of some of the devices proposed.

2.2.2.2 Counter-Current Flow Processes

Continuous processing has long been established as the
preferred means of operating mass transfer processes in the chemical
industry, mainly because there are both throughput and economic
advantages over the equivalent batch process. The restrictions
imposed by the cross-current mode of operation have resulted in the
development of counter-current flow processes. Many attempts have been
made to increase throughput over the more conventional co-current

flow systems.
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In counter-current flow systems the stationary phase
is moved in the opposing direction to that of the mobile phase
by a variety of means. Unlike the co-current systems greater use
is made of the available mass transfer area to affect separation.
Higher throughputs should therefore in principle be achieved.

Figure 2.4 represents an idealised concentration profile for a

binary mixture separated by the counter-current flow process. It
shows that the entire column length can be used to improve resolution
and as a result solute overloading, by co-current standards, is
possible. .

The majority of the development work to date on
counter-current chromatography has been restricted to the field of
gas-liquid chromatography. Only comparatively recently has the work
been extended to include Tiquid-liquid chromatographic systems.

38 of suitable

Initially the major disadvantage was the availability

packing materials. Recent advances in the development of

chromatographic packings have, to a great extent removed this restriction.
The development of mechanical systems based on the principle

of counter-current chromatography can be divided into the following

stages.

(1) Moving bed.

(i1)  Moving columns.

2.2.2.2.1 Moving Bed Systems

Nearly thirty years ago the Union 0il Company, California

48

developed the "Hypersorption Process" This process used an activated

carbon adsorbent flowing continuously downward through a stream of
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FIGURE 2.4 Binary Mixture Concentration Profile
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light hydrocarbons in a vertical column. Primarily used
commercially to recover ethylene it has subsequently proved

44

uneconomic ' since the development of low temperature distillation.

Despite the failure of this system the literature contains many
references to moving bed chromatographic systems.
A typical example of the equipment developed is that by

Barker and co-workersa'?

» a simplified illustration of which is

given in Figure 2.5. A vertical column which may be glass or metal
with a reported diameter of 2.5 cm is fed with a suitable
chromatographic medium from a hopper A, the flow of the packing is
controlled by a variable orifice B at the column base and removed

by a table C. The column is vibrated to ensure a continuous steady
stream of solids and dry gas enters at the base of the column D.

The 1liquid or gas feed mixture is introduced at a point, G,

between the product offtake ports E and F. Details of the gas-liquid
chromatographic separations carried out using this equipment are given

3-7 49 50 51,52

Schultz

in the literature and Fitch

s Scott have used
variations on the equipment described above for gas-liquid chromatographic
studies.

Bradley and Ti]ey53 have reported using a moving bed system
where liquid (dinonylphthalate) flows downwards through a packed column.
This variation is analogous to two solvent counter-current liquid-liquid

54

extraction. Buhl and Yeagle™ " have described a system where the packed

bed is moved by a helical screw. A moving bed unit with a 15 cm
diameter column has been patented and successfully applied by the

Phillips Petroleum Company55.
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FIGURE 2.5 Moving-bed Apparatus for
Counter-current Chromatography
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Moving bed chromatographic systems suffer from the
following disadvantages:

(i) Problems with solids handling.

(ii)  Inefficient column operation due to back mixing
and low uneven packed densities.

(i1i) Attrition and elutriation of the chromatographic
packing.

(iv) Mobile phase velocities are limited to values

below the minimum fluidising velocity of the packing.

Attempts to obviate these problems have concentrated on
moving packed columns of equal lengths past fixed input and output
ports, both by physically moving the columns and by simulating

movement.

2.2.2.2.2 Moying-Column Systems

Moving column systems usually incorporate packed tubes arranged
in circular form. The counter-current movement of the mobile phase
and stationary phases has been achieved by employing one of the
following methods:
(1) Mechanically moving the columns with fixed input
and output ports.
(i) Moving input and output ports with fixed columns.
(1ii1) Simulating the movement of the columns by
sequencing the operation of fixed input and output

ports on individual columns.
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Designs based on the first of these have been proposed

6. Luft®’ o

60,61

by Pichler and Schultz®
59

, Glasser™, Gulf Research and

Development™  and Barker Figure 2.6 schematically represents
the flow arrangement for these systems. The first four of these,
Figures 2.6(a), (b), suggested that the relative port positions and
mobile phase flow rates be selected such that the direction of

flow was correctly maintained by balancing pressure drops. Barker62
removed this restriction on the system by proposing that a mobile phase
lock be installed between the two product outlets, Figure 2.6c.

This arrangement ensured tha£ the mobile phase travels in one direction
only and, in addition, makes a greater column length available for
separation.

Barker and Huntington?

constructed a unit based on this
principle (Figure 2.7). It consisted of eight equal square cross
section chambers, 3.8 cm square, linked end to end by external values
to form a toroid, 1.5 metres in diameter. The mobile phase lock was
provided byclosing pairs of these values. Each chamber contained
helical copper tubing through which heating or cooling fluids could be
passed.

To permit the flow of the mobile phase into and out of the
toroid, 80 self-sealing valves (face valves) were equally spaced over
the chamber face, each mobile phase passage being closed by a self
sealing valve. These face valves were automatically operated by cams
in the port zones, thus connecting the port with the interior of
the toroid. Sealing is achieved on the face of the chamber by means

of '0' rings that covered at least three of the face-value holes at

anytime under each port. The '0' rings are sealed against the face by
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FIGURE 2.6 Circular Column for Counter-current
Flow Processes
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