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ABSTRACT

Electrophoresis, a method of.separation of charged
species in solution by applying an electrical field has been
extensively used on the analyticgl level since the
introduction of Tiselius apparatus. Only recently has there
been an increase in interest shown for preparatory
electrophoresis. A review of the literature shows that most
of the workers in this field have developed convectidn—free
apparatus, with the exception of Kirkwood et al. who utilized
the principle of a Clusius-Dickel Column to develop a batch
electrophoresis convection cell with reservoirs for the
separation of proteins. In the present work, a new
electrophoresis cell termed the "Thermoelectrogravitational
. Electrophoresis Cell without Reservoirs" was constructed and
operated using‘both electrical and thermal fields.

A mathematical theory was also developed using the
Furry, Jones and Onsager procedure in thermal diffusion to
explain the separations obtained in the column by the
application of electrical and thermal fields. This yielded
a transport equation which could be uséd to describe both
transient batch and continuous-flow operafions of the column.
The effect_of the heat generaﬁion on the velocity and
temperature profiles has been acéounted for. Only systems
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containing one single mobile component in dilute solution
have been considered in the development of the theory.

Experimental data were obtained for the transport of
bovine albumin in water solution using boric acid - borax.
buffer at pH.8.6‘and phosphaté pbuffer at pH 6.0. The column
was 145 cm. high, 10.2 cm. wide and used two membrane spacings
of 0.3018 ecm. and 0.1354 em. Experimental flow rates ranged
from O to 10 gm. per hinute of 1 gm./100 ml. albumin solution.
Separation factors (defined as the ratio of bottom to top
concentration) ranging from 11 to 1.05 were obtained at four
different field strengths'radginé'from40.0423 to 0.423 volt
per centimeter and for thfee.d?fferent temperature differences
of 0°C, 8.5°C and 16°C respectively. The data showed that
meaningful electrbphoreti& separatibns could be obtained
‘usihg»thermoelectrogravitational columns.

Qualitgtivé ekpérimental confirmation of the theory -
was found for both steaéy state batch and continuous-flow as
weil as transient’baﬁch aperations of the electrophoresis
column. The experimental data obtained fdr steady state

.batch and continuous-flow as well as transient batch
operations of the electrophoresis confirmed the quantitative
relationship developed in the-theory for ﬁhe parameters:
flow rate, field strength, membrane spacing and pH of the
solution. In case of the parameter of temperature difference,

'however,.no qualitative agreement ﬁas found between theory
and experiment. _

Quantitative agreement between theory and experiment

’ . ix



was not éatisfactory. This might be because of the
comparatively large membrane spacings used. It }s interesting
to note that FJO has been shown to be not quantitative for

large spacings in thermal diffusion.
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ELECTROPHORETIC SEPARATIONS IN A
THERMOELECTROGRAVITATIONAL COLUMN

CHAPTER I
INTRODUCTION

In the field of physical as well as biological sci-
ences, the problem of separation of a mixture into its indi-
vidual components is very often most important.to the
understanding of the process under investigation. As the
research in fine structure and function of biochemical,
biologichl, and physlological substances becomes sophisti-
cated and moreiinvdlved, the investigator in the fleld de-
mands more purity and larger concentration of the system
under his study. Moreover, when a study is to be made of
molecular and cellular nature of speclies, the researcher
would want these species in the form in which they exist in
nature. In the biological field especially, both the sep-
aration and the speed of separation are important. Some
problems encountered in such separations are discussed by
Mel (43).

Several separation processés such as evaporation,
distillation, extraction, lon exchange, crystéllization, and
sedimentation have been advantageously utilized both in

1



2
laboratory and in industry. These conventional physical
processes are, however, not applicable in many situations in
which separation of substances of similar nature is to be
achieved. Examples are the separations of organlc dye mix-
tures, biologicals and coiloids. Use of other separation
techniques less commonly employed for preparatory purpbses,
therefore, has assumedAa great signifitance.

When ordinary physical processes‘such as distillation
and extraction arehnot feasible; advantage is taken of the
fact that certain force fields cause migration at different
veloclitlies of solutes or suspends in liquid solutions and of
individual molecules in gaseous mixtures. This fact can be
advantageously used to effect separation of the components
from their admixture. Such force fields which can be used
either alone or in combination are known to be:

(1) Pressure diffusion force

(2) Thermal diffusion force

(3) Gravitational and centrifugal force

(4) Magnetic force

(5) Electric field force

Of these, the pressure diffusion (49), gravitational
and magnetic force fields are very weak 1ln effecting separa-
tions and have very limited application.» Large centrifugal
force fields can be produced (49) by special equipment, yet
have scaht abplication because of the difficulties involved
in continuous operation. Most interest, therefore, centers

in the use of either thermal or electrical force fields.



3

The thermal diffusion sepafatibn'technique is very
well illustrated by a static therﬁalldiffusion'cell. In this
static method, a temperature gradient is applied in such a
manner that no convection currents arise and, in addition,
there 18 no bulk flow. In general, a device for the static
method consists of a simple container (Figure 1—1) or cell
filled with a mixture to be separated. The bottom of the
cell is maintained at some.temperature lower than that at the
top of the cell. After a period of time, a concentration
difference results between the top and bottom of the cell,
since the lighter molecules move toward éhe hot side of the
ce%l. However, the degree of separation obtained in such a
cell is usually small and the time required toJobtain a
steady state cah be very long.

An improvement in the operation of‘the thermal 4dif-
fusion method was introduced by Clusius and Dickel in 1938,
(9). An apparatus utilizing their method multiplies the
separation by meaﬁs of convection currents in a manner sim-
ilar to the way a counter-current extraction column produces
concentration differences many times greater than the differ-
ence for a single stage. This principle is termed the prin-
ciple of thermogravitational reflux. The apparatus is
commonly called a thermogravitational column or Clusius-
Dickel column (Figure 1-2). Either batch or continuous
operation’is‘easily-bbtained with such a column.

Since ﬁhe introduction cf the Clusius-Dickel column,

considerable work, both theoretical and experimental, has
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6
been and 1is being done concerning the thermogravitational
. thermal diffusion column, in spite of the fact that the
thermal diffusion 1s very weak, and that thermal diffusion
.can be a very expensive process. A reader 1ntérested in this
field is referred to the work of Furry, Jones and Onsager
(18), that of Powers and his collaborators (48,7,17) and that
of Von Halle (56). A 1list of recent important publications
in this field is included in the list of referencés (65-77).
Since the sebaration in a Clusius-Dickel column
greatly depends.upon'the magnitude of the thermal diffusion
force apﬁiied, it was felt that if a different type of force_
6f greater strength were to be utilized (to have an increased
Jorizontal diffusion velocity of the component molecules)
whiie»retaining the advantages offered by the thermoelectro-
gravitatibnal reflux, it Qould be possible to obtain increased
separation by Clusius-Dickel columns. The use of an electric
' :1eld force 1s‘an obvious choice because large electrical
flelds éan easlly be applied to increase the velocities or
mobilities of the components.

Use of the electric field force, however, by its very
nature, sets a very impdrtant limitation onvits'general
application because 1t can only be used to effect the separa-
tion of charged particles in a solution. This restriction,
however, is not too severe since, in additién to ions, col-
loids and large molecules which adsorb ions (and therefore
act as though tﬁey were charged particles) can be effectively

separated and concentrated by uéing an electrical field.



T

This process is known as "Electrophoresis" which refers to
the movement of charged particles between electrodes under
the influence of electric fleld. It 1is a Very elegant method
of separation and has a number of advantages over thermal
diffusion in both mode and speed of operation. First, it
uses a very much stronger diffusion field force. Secénd, it
offers greater flexibility in conditions of operation because
the relativé movements of the component molecules to be sep-
arated can be regulated to a great extent by adjusting the
pH of the solution. 1In certain cases the tw§ components may
be méde to move in opposite directions, thﬁs‘helping to ob-
tain increased separation. In some cases one of the compo-
nents may be neutralized by adjusting the pH of the solution
af its isoelectric point so_that only the other components
are mobile species. By applying significant electric fields,
one could éxpect to obtain drastic reduction in the size of
the equipment necessary to carry out a required separation.
The principle of electrophoreéis is explained by the
consideration of a static electrophoresis cell in Figure 1-3.
The solution of the components ﬁo be separated is placed
between two semipermeable membranes M and M', behind which
are two suitable electrodes..‘When an electric field is
applied across the eiectrodes, the components will tend to
move towards either of the electrodes depending upon the
nature of the charge oh thé component molecules. Convection
can be avoided by choosing polarities of the two electrodes

in such a manner that the mobile component moves towards the
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bottom electrode and will therefore be concentrated at the
surface of the lower membrane. In addition, the convection
can be stabilized by maintaining the bottom of the static
eleEtrophoresie cell at a lower temperature than that of the
top of the cell. The analogy between a static thermal diffu-
sion cell and the static electrophoresis cell is obvious.

' "Electfophoresis" since itg suggestion as a separa-
tion method has been widely used especiaily in the flelds of
biology, physlology and the separation of proteins and
colloidal charged particles mostly on a laboratory scale.

It would not be much of an exaggeration to say that there

are almost as many variations in the natufé of equipment de-
signed and used as there are workers in the field. A de-
tailed account of the most imporﬁant work in the field of
preparatory "Electrophoresis” will be given in the next
chapter., Most of the researchers have used both batch and
continuous apparatﬁs without convection. One majbr objective
has been to avoid opposing density grgdients to suppress
convection hixing. Also, the heat generated during the
process of electrophoresis.has to be removed as fast as
possible to avoid temperature gradients, and thereby convec-
tion, and also to avoid the spoilage‘of material. Therefore,
the apparatus of this type has to be provided with very -
efficient cooling systems and batch as well as. continuous
electrophoresis apparatus have been operated below room
temperature.

The electrophoresis batch cells, like their thermal
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diffusion counterparts, are essentially characterized by low
capacity, low separation and-efficiencies and long duration
of operation. Therefore, interest in continuous electro-
phoresis arose during the last 15 years for preparative pur-
poses. Some progress has been achleved in this field as
evidenced by the works of Bier (4), Dobry and Finn (12) and
Mel (43). Some of the various ways in which apparatus for
preparative electrophoresis can be constructed are shown in
Figure 1-4a. The analogy between the thermal diffusion
process and the electrophoresis.has been illustrated diagram-
matically in Fighre‘(l—hb) wherein are shown the various ways
in which thé tpermal diffusion and electrophoresis apparatus
can be constructed and operated in similar ways. Though
electrophoresis columns can be construéted in a manner sim-
ilar to thermai diffuéion equipment, investigators in the
field of preparative electrophoresis have restricted them-
selves to use and investigatioﬁ of convection-free apparatus,
and i1n most cases the advantage to be gained by utilizing the
reflux action of vertical convectlon has been'lost. The work
of Kirkwood and his collaborators (24-25) is the only avail-
able literature.referencq_dealing with a combination of
thermogravitational and electroconvectional reflux with elec-
trophoresis. He applied this principle of thermogravitational
reflux to a batch type electrophoresis cell with reservoirs.
"It can be said, therefore, that the application of thermo-
gravitational and electrogravitational principle in combina-

tion with electrophoretic separation has not received so far
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the attention 1t deserves, even though the close analogy be-
tween thermal diffusion and electrophoresis'would suggest
otherwise. In particular, one should expect that the com-
bination of thermogravitational reflux or electrogravita-
tional reflux with electrophoresis should increase separation
and capacity, especially when applied ﬁp continuous-flow
columns. This objective can be easlly achleved by extending
the analogy between thermal diffusion columné to electro-
phoresis columns where the principle of gravitational feflux
is employed. Such continuous electrophoretic columns could
be employed in the flelds of biology, physiology,.medicine
and physical chemistry,

_ One concludes, therefore, that in spite of the pos-
sible potential of‘the continuous-flow electrophoresis col-
umns, no work has so far been reported on the design,
cohstrﬁction and operation of such columns. Further, no
theoretical analysis- is available to predict their separation
performance.

Theoretical and experimental analyses of any process
are essential to guide the development of practical equipment.
Such analyses might provide a maJjor advancé in the field of |
continuous-flow preparative electrophoresis and would produce
completely new information of great value. The present work
has therefore, been undertaken as the first phase of a study
of continuous flow electrophoresis using the combination of
gravitational reflux and an electric field. "The main obJec-

tives of the immediate work to be described in the following
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pages were:

(1) to extend the analogy between the batch thermal
diffiysion columns with reservoirs to the case of
batch as well as centrally fed continuous-flow
thermoelectrogravitational electrophoresis col-
umns. This reQuires the formulation of a math-
ematical model of such electrophoresis columns.

(2) to test the applicability of the resulting'theory .

by constructingvand operating a center-fed

continuous-flow thermoelectrogravitational'elec—
trophoresis column. The experimental work, using
the column, would determine the effect upon sep-

aration of field strength, pH of solution, membrane

spacing, temperature difference and flow rate.



CHAPTER 1II
REVIEW OF LITERATURE ON ELECTROPHORESIS

Introduction

Both the electrophores;s and ﬁheiionophoresis, ever
since their discovery by Reuss (52) in 1808, have been'useﬁ
in several fields of study. Ionophoresis relates to the
movement of crystalloids while the term electrophoresis is
used to refer to the movement of charged colloids or macro-
scoplic particles between the electrodes under the influence
of a direct current electric field. The particles move not
'oniy in different directions, but at different velocities
depending upon the values of their electrical moﬁilities in
the given medium. The usual obJjectives of electrophoresis
. experiments are to obtain information on electrical double
-layers surrounding the charged particles, the analysis and
characterization of mixtures of charged particles, and their
separatioh into individual components.

The electrical mobility of a charged particle 1is 1its
velocity per unit time under the influence of a fleld strength
of one volt per centimeter. It is a function of the viscoeity
of the medium, size, shape and concentration of the particles
or ions in solution, and the concentration of the‘eiectroiytes

14
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in the solution. Therefore, electrophoretic separation de-
pends upon the difference in the rate and the direction of
migration of different’components. Electrophoresis is an
excellent method of separation since 1t can separate sub-
stances which are either chemically similar or have very low-
mobllities under the influence of other force fields such as
pressure and thermal diffusion. As a result, the widespread
application of electrophoresis as an analytlic and separation
tool covers such diverse fields as biology, biochemistry,
patholog& and physical chemistry. Outstanding contributions
have been made in the analysis and characterization of fluids
such as blood, serum plasma, egg and milk components and
several types of tissue components.

So much work has been done and so numerous are the
variations in the techniques (mostly analytical) that it is
inconvenient to review here all the work done in detail.
Therefore,. this review will be restricted to preparative
electrophoresis, a term applied to the electrophoretic prep-
aration of purified components from a mixture. The interested
reader is referred to more general surveys already available,
(78-80).

Although considerable advantage of electrophoresis
has been taken for analytical purposes, the progress in
' efficient utilization of electrophoresis for preparatory pur-
poses has been very slbw. Only a few protelns or enzymes
are prepared by'éiectrophoresis in preference to other meth-

ods. In protein chemistry for instance, consliderable work
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has been done in vapious salt and solvent fractionation
schemes wh}ch are time-consuming, cumbersome and expensive.
The salt and solvent fractionation work 1s out of proportion
to the effort put into the development of preparative electro-
phoretip methods, even though a satisfactory electrophoretic
methodeould, in principle, be an excellent approach to many
preparative problems from the point of elegance, cost and
electrophoretic purity.

The slow progress in the field of preparative elec-
trophoresis is surprising since one of the most basic dis-
coveries in this field was made in 1924. This was the
observation of the phenomenon of électrodecantation by Paulil
(44). Only in recent years with the work of Qutfreund (20)
Kirkwood, Cann and associates (24-35) Polson (47) and Bier
(4) has interest risen in this method and its various
analogies.

The various methods that are used for preparative .
electrophoresis can be grouped under the following subtitles:

(a) Density gradient electrophoresis

(b) Forced flow electrophoresis

(c) Electrodecantation and sedimentation

(d) Electrophoresis convection method
Svensson (59) has reviewed the literature on preparative
electrophoresis up to 1948 and recent advances have been par-
tially reviewed by E. Durrum (13). More recent wofk in the

above field will now be reviewed.
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Density (Gradient Preparative Electrophoresis

This method avoids convection currents in solution
and stabilizes the density gradients. The simple Tiselius
apparatus 1s widely used for both analytical and small scale
preparatory purposes. A widely used form of the Tiselius
cell is shown in perspective in Figure 2-1. The tubes I are
connected to the two sides of the middle portion and carry
buffer solutions. An electrical field 1s applied by means
of electrodes situated .in sepdrate electrode vessels (not
showh in figure) which can be connected to the buffer tubes
| I. wand 0 denote the width of the channels. It consists
of three sections‘that slide over each other along the planes
A-A° and B-B°. The U-shaped channel provided by the cell is
of rectangular section and 1is presented in Figure 2-1b. 1Its
pfinciple of operation 1is diagrammaticaily shown in Figure
2-1lc. In the first step, proteln is added to the bottom
chamber and slipped to one side trapping the protein in the
small lower chamber. Buffer is added to one side (left) and
protein to the other (center drawing). The entire assembly
is then shifted to close the channels at the top and buffer
added to both reservoirs. Both sections are then returned
to establish dontact among the solutions as shown in the
right hand drawing. The electrical field is applied and dis-
tinct horizontal zbnes form for each protein in the protein
field (right side) channel. The height of the center section
18 92 mm. which, with horizontal plates of 3 mm. thickness,

leaves 86 mm. clear height for observation. The channel cross
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section is 3x25 mm., and about 11 ml.of protein solution are
required to fill one side of the center section and the bot-
tom section denoted by II and III respectively in the figure.

The cells are constructed of glass or quartz plates
except the tubes of section I. A more complete description
of the cell and 1ts operating technique can be found
elsewhere, (5).

The Tiselius Cell 1s not particularly suitable for
preparation work because of its inability to completely sep-
arate the components of a mixture 1n€o distinct zones. Sep-
aration into zones always requires stabilization by other
means such as the use of paper, powder and gels. When
stabilization of density gradients is obtained this way, the
process 1s termed free boundary zone electrophoresis. Im-
proved apparatus has been described by Philpot (46) and
Ericson and Nihlen (15), Sorof and Ott (56) and Kolin (36-
39), Svensson and Valmet (58). However, these desigﬁs are
not at present developed for.fractionation of large volumes .

of solution..

Forced Flow Electrophoresis

The main objectivé in the field of preparatory elec-
trophoresis has been to obtain good separation at rapid speéd.
The capacity of an electrophoresis apparatus has now become
an important aspect. For this purpose it has been consideréd
desirable to have a free solution condition and no convection.

It is very difficult, as has been stated by Raymond (50-51)
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and later by Dobry and Finn (12), to establish and maintain
proper rates of flow and steady flow patterns. . Some apparatus
in which an aﬁtempt 18 made to obtaln such conditions have,
been reporfed. In such equipment a flow pattern is imposed
mechanically on the liquid which flows through the élecéro-
phoresis cell. The apparatus described by Bier (4) Dobry
and Finn (13) and later by Mel (43) can be grouped under the
heading "Continuous Forced Flow Boundary Electrophoresis".
These will be described here in detail because they represent
a great advance in the fleld of continuous flow electro-.
phoresis. One of the obJjectives in Lhe design and the opera-
tion of these apparatus was to obtain a stabilized laminar
flow without convective mixing.

A method in which two fractions of a}solution are
separated immediately after leaving fthe channel of an elec-
trophoresis cell was proposed by Bier (4). The operational
principle of this apparatus is 1llustrated in Figure 2-2.

In essence, the electrophoresié cell consists of two outer
semipermeable membranes A and A, held stretched in a plexi- .
glass frame (not shown in diagram). The cell is immersed in
a circulating cooled buffer, and a direct current eléctric'
field established across the membranes. The two membranes
are parallel, 3 to 4 mm.apart, while a third semipermeable
membrane B is inserted between them, partway into the cell.
The cell is thus divided into three compartments, two at the
top and a common one at the bottom. All three compartments

have means for continuous input or withdrawal of the colloid
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solution.

The operating princliple of the apparatus is as follows:

If the solution to be fractionated contains two pro-
teins which differ in their isoelectric points, then the pH
of the solution and the outside buffer is adJusted close to
the isoelectric point of one of the proteins, rendering it an
immobile component of the solution. The solution is contin-
uously fed into one of the top compartments and the polarity
of the current is so selected that the mobile protein migrates
towards the outer membrane of the compartment as indicated in
Figufe 2-2. ?roducts are withdrawn froﬁ the bottom at z and
at the top at y. The other proteln does not move and hence
remains uniformly distributed throughout the solution.

The feed splution i1s thus separated into two frac-
tions. The bottom fraction contains the migrating proteins
as well as the immobile component in original concentration.
The fraction at the top contains the other protein obtained
in high electrophoretic purity. The method has an advantage
in that the rates of flow of the protein solution at the top
and bottom can be controlled independently of each other.
.The method can be used for the preparation of electro-
phoretically pure.protéins or for concentrating them.

Under proper operating conditions, a definite flow
pattern is established in the cell depending upon a large
number of variables such as rates of inflow and outflow, feed
temperature, temperature gradient within the cell, and the

field strength.
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The performance of a number of cells of different
dimensions and under a variety of experimental conditions was
gtudied by Bier (4). Most of the work was carried out with
a single mobifé component protelin system in the hope of opti-
mizing cell design and studying the principles involved., He
obtained data on various cells as a function of flow rate,
current density and the position of the center membrane with
regard to its extension in the cell. Different types of mem-
branes such as a hardened wet-strength filter paper Whatman
Na. 52 or 54# were used and found satisfactory. Several ar-
rangements of the central membrane were studied.. These in-
cluded center membranes extending over the entire length of
the'cell and having openings of various gedhetrical patterns,
such as vertical or horizontal'slits or perforations. More-
over fully permeable membranes were studied such as cotton,
silk and nylon cloth. Only the filter paper was found
" satisfactory. .

Since its suggestion, Forced Flow Electrophoresis has
been succeésfully used to 1solate gamma-globulin in electro-
phoretic purity (4). Seibert (54) applied it for further
purification of well characterized polysaccharides of tubercle
bacilll. A Other numerous applications have also been reported;

The 4 ml./min. output of Bier's apparatus for process-
ing a given solution was many times greater than the output
of the hanging-curtain paper electrophoresis instruments then
employed. It can also be favorably contrasted with the elec-

trophoresis convection method, which yields about 100/ml. per



24 ‘
batch, the. processing of which may require 24 hours or more
(68). The output by Bier's method could also be conveniently
increased by arranging a series of cells in parallel. Ac-
cordingly flow rates might be achlieved which would be impor-
tant for the industrial preparation of electrophoretically
pure proteins.

Dobry and Finn (12) added either dextran or methocel
to increase the viscoslty of the solution and thereby to sta-
Bilize the forced laminar flow in gheir apparatus. The prin-
ciple of this apparatus is schematically shown.in Figuré 2-3.
The solution moved upwards between'two Flexolith porous
walls. The height of the apparatus was about 5 feet. The -
width of fhe cell was 3 inches and the two membranes wefe
separated by a distance of 2 inches. Feed was introduced
into the épparatus through the feed ducts provided at the
bottom. The cathode was made of Hastelloy C and the anode
of stainless steel. The products were withdrawn at the top
through several ducts. The buffer compartments were fitted
with elecﬁrodes across which a very high electric field could
ﬁe applied. The cell was constructed 6f Plexiglass. The
buffer compartments were provided with gas vents. In thé
operation of this column, the substances to be separated must
be pfévented from reacﬁing the porous Flexolith membranes
since these are permeable to proteins.

A basic desire on the part of many workers 1in carry-
ing out electrophoretic separations ;s to eliminate remixing

of the partially separated fractions.orvlayers. Such remixing
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of the gompbnents takes place because of the convectibn which
is brought about by either local density differences or by
thermal gradients due to uneven heating. |

Some degree of success has been achieved in maintain-
ing a free flow, stabilized against convection in the appara-
tus described by Mel (h3). A schematic diagram of Mel's
apparatus is given in Figure 2-4. The apparatus is essen-
tially an electrophoresis cell in a horizontal position which
was fitted with two semipermeable membranes M and M'. The
solution flowed freely between these two membranes across
which the electric field was applied. ET and EB were the
inlets for buffer solution. The solution to be separated
entered at S between the membranes. T and B can be used
either as inlets for feed or buffer solution as desired.
Severai fractions of the separated solution were collected
at the several outlets at different 1é§els.

Stabilized free flows are achieved by virtue of
laminar flow conditions, density differences between the
various layers, mechanical stabilization by mylar dividers
and by the closed hydraulic nature of the entire system.

Samplés were pumped at constant rate through one or
more inleﬁs with the remaining inlets carrying buffer or
other solutions. The author claims that perfectly laminar
flows without convective mixing were obtained with flows of
1.2 ml. per minute per outlet or 14.4 ml per minute total.
This apparatus has been successfully used in concentfating

dyes, dilute enzyme solutions, protein separations with and
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without interactions, as well as yeast cell separations.

Electrodecantation Apparatus

The phenomenon of electrodecantation was first dis-
covered by Pauli (44). He observed that when a quiet colloid
solution was‘subjected to a direct current fleld, stratifica-
tlion appeared, the solution separating after a time into two
distinct layers. The bottom layer contained most of the
colloidal matter. The electrodecantation cell of Pauli is
1llustrated in Figure 2-5,

This cell consisted of three chambers, one for the
solution to be stratified and the other two for background
buffer solutions. In the figure, the central chamber was the
electrodecantation compartment. The central compartment was
separated from the buffer compartments by means of semiper-
meable membranes 4. The direct current electric field was
applied by electrodes 5 and 6, Paull used his apparatus to
stratify proteins, and many inorganic sols.

The phenomenological theory of electrodecantation was
explained by Elank and Valko (6). Under the influence of the
electric field, the colloidal particles migrate.toward one
of. the semipermeable membranes separating the central com-
partment from the electrodes as shown in Figure 2-5. in the
vicinity of this membrane, the concentration of colloid in-
créases, the local density rises and hence the solution sinks
to the bottom of the compartment. At the same time, solution

at the other membrane is reduced in colloid concentration and
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rises to the top. The bottom and top layers are stabilized
by density gradients. This explanation was later confirmed
by Verwey and Kruyt.(64).

The problem of heat generated by the electric current
passing through the cénter compartment was pértially avoided
by use of inorganic colloids. Moreover, experiments‘were
carried out with unbuffered solutions in electrode compart-
ments, thereby having both electrodialysis and electrode-
cantation occurring simultaneously. Only small current
densities were used so that power consumptilon ahdvheat gen-
eration were very'small.

Gutfreund (20) used the electrodecantation method to
separate hemoglobin and ovalbumin. His épparatus was similar
to that of Paulli but he kept one of the'proteins at its iso-
eiectric point so that only one protein moved on passage of
the current through the solution. |

' The capacity of Pauli's apparatus has been increased
by modifying it to a multi-membrane apparatus by Polson k47).
He used the multimembrane principle of Stamberger (57),.
spacing the cellophane membranes about 1 mm. apart with the
use of plastilc frames. He thus improved conditions of heat
dissipation as well as pH conditions of the buffer solutions.
A diagram of such apparatus 1is sﬁown in Figure 2-6. The cell
was'oriented at an angle to the horizontal because a greater
efficiency of separafion was obtained. He used a membrane
spacing of 0.75 mm., cell height of 45 cm., width of 9 em.,

and a thickness of the multimembrane compartment 2.5 cm.






32
Water leakage was avoided by using rubber gaskets between
the different compartments. A temperafure gradient 1in addi-
tion to the concentration gradient was claimed to reduce the

undesired convection currents. ,
Electrodecantation 1s largely ﬁéed in latex tech-
nology. It was further found to be of use in the concentra-
tion of aqueous dispersions of polytetrafluoroethylene (49).
Polson and collaborators (47) used the principle of electro-

decantation for separation of proteins.

Electrophoresis with Convection

It may be observed in the separation technique and
the apparatus-revieﬁed so far that in all these devices
(probably Bier's cell is an exception) an effort has been
made to avoid convective mixing. Thus the advantageAgained
by gravitationai reflux action of lamlnar convection in the
vertical thermogravitational thermal diffusion'cdihmn of
Clusius and Dickel (9) has not been employed. The only work
’available in the literature using the principle of thefmo-
gravitational reflux 1is thaf of Kirkwood who was the first
to propose this new method of protein separation in 1941,
Termed electrophoresis convection, it was based upon a com-
bination of thermal diffusion and electrophoresis. He uti-
lized a batch column with reservoirs to separate horse hemo-
- globin, aZo-evalbumin, and bovine albumin. The modified

apparatus which was used in most of the later work has been

described by Cann et al. (24-35). This modified cell
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described by Cann is illustrated in Fligure 2-Ta, and a

schematic diagram of the principle is presented in Figure
2-Tb. It consisted of an upper and a lower compartment.

These compartments were connected by a narrow vertical chan-
nel formed by two parallel semipermeable membranes. These
membranes were held in place by two face plate assemblies.

The channel was connected to the compartments through narrow
8lits in the compartments. The parts of the apparatus were
made of plexiglass and nylon sérews were used for assembly

of the plates. The capacities of upper and lower compart-
ments were of the order of iOO ml. and 50 ml. respectively.
The height of the channel was 24 cm. and the width 5.1 cm.

The spacing between membrénes was 0.1 ecm. to 0.2 cm. depend-.'
ing on the hydrostatic pressure. Durlng operation, the entire
céll assembly was immersed in a cooled ciréulating buffer.

The elecﬁric field was appliéd across the membranes by two
platinum external electrodes coextensive with the membranes.

During operation, the apparatus was filled with pro-
tein solution to be separated. Circulation of buffer was
started .and the electric field was then established. At the
end of the run, the top compartment was first emptied.

The procedure involved adJusting the pH of the solu-
tion so that one of the components was at its isoelectric
point. and therefore immobile. Under the influence of the
electric field, all the mobile components would migrate
toward one of the membranes, form a layer of increased con-

centration and sink into the bottom because of the gravity
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controlled convection. An equal volume would be displaced
from the bottom compartment on the other side and become ex-
posed to the electrical field. In this manner, a continuous
convective flow was establiqhed between the two compartments
through the channel formed by the two membranes. At the end
of the experiment, involving several hours, the mobile compo-
nents would be transported to the bottom compartment while
the isoelectric protein, unaffected by the electric field,
would remain in 1its originai concentration in the upper com-
partment.' It could then be withdrawn in a purified state.
Several stages could be used fo effect further purification.
The 1soelectric procedure employed was by far the most effi-
cient, however, only the two terminal protein comppnents
could be separated, since all the moblle components with
large mobilities would cdncentrate at the bottom while those
with 1soelectric points close to that of the isoelecffic
component would remain in substantial concentration at the
top.

If for reasbns of stability or solubility of the
componeﬁ;s, the 1soelectric point procedure cannot be suit-
ably employed, one takes advantage of the difference in mo-
bilities of two componénts. In this second method of opera;
tion of the apparatus, all the domponents are mobile and move
toward the same membrane. However, the faster-moving compo-
nents will be transported from the top compartment at a
higher rate than the slower-moving components resulting in a

partial separation. The greatest separation of the components
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would be obtained by so choosing the opérating time that half
of the major component would be transported out of the upper
compartment. In mixtures containing more than two components,
the separation could bg achlieved in steps by obtaining either
the most ac¢idic or the most basic component in pure state.

Another version of the apparatus was constructed by
Raymond (51). This cell consisted of a single length of
dialysing tubing, bent into U shape. The bottom compartment
was formed by the bottom‘of U shaped tubing, while both the
open ends of the tube served as the top compartment. The
intermediate portion of the tubing was stretched in a plastic
frame forming two channels within which electrophoresis con-
vection took place. This intermediate portion of the tubing
was the only one exposed to electric‘fiéld} The advantage
claimed was that the silze of the compartment could be varied.
The leﬁkage problem was almbst eliminated since the entire
process was carried out in an intact length of tubing. Other
modifications of this cell have been suggested (40,60).

Kirkwood algg-developed the mathematical theory of
electrophoresis convection (24-35) for batch columns wifh.
reservoirs. . |

The method of elecﬁrophoresis with convection has
been used successfully for purification of proteins such as
serum proteins, egg proteins and several others: Papers of
Kirkwood and hie collaborators (24-35), Cann et al. (24-35),
Phelps and Cann (45), Timashelf and Tinoco (61), Mathies (41)

and Singer (55) may be consulted for details.
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Kirkwood's apparatus, being é batch apparatus, has
some disadvantages from the point of view of handling purifi-
cation of large volumes. These are the long time of sépara—
tion, poor separation efficiency and low output (100 ml.
solution could be purified in 24 hours or more). In spite
of this, it has been extensively used for protein purifica-

tion in labofatories.

Conclusion

On the basis of the literature reviewed in this chap-
ter, the following conclusions are drawn about the various
apparatus as described in the literature:

(1) The apparatus use either-batch operation with low
capacity of continuous operation with very small
flow rates.

(2) The apparatus were designéd to avoid convection
mixing (Tiselius cell) or to get a stable free
boundary £low (laminaristabie flow) as in Mel's
apparatus; In forced flow electrophoresis (Bier's
apparatus) a flow pattern was imposed upon the
moving protein. Thus most of the authors have
not taken advantage of reflux action obtained
due to con&ection. On the contrary, the tendency
was to suppress convection.

(3) Kirkwood utilized the principie of thermogravita-
tional and electrogfavitational reflux in a batch

type electrophoresis apparatus with reservoirs
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for.the separation of proteins in various protein
systems, and established a mathematical theory to
evaluate the performance of such batch columns.
(u) There appears to be no attempt as yet to explore
the posgibility of constructing continuous-flow
electrophoresis columns in a manner similar to
Clusius-Dickel thermal diffusion columns and to
utilize them for the separation of protein or
other systems.
(5) No mathematical theory is available which would
help to evaluate ﬁhe performance of continuous-
flow electrophoresis columns although there is a
possibility that Kirkwood's theory for batch
~colums with reservoirs could be extended to
continuous-flow columns.
A continuous-flow electrophoresis column would allow
handling of large volumes of solution per unit time since
the separated fraction of the material could be removed from

the apparatus continuously.



CHAPTER III
THEORETICAL ANALYSIS

The review of the literature about preparative elec-
trophoresis shows no_theoretical or experimental work for
continqous electrophoresis columns similar to Clusiu;-Dickel
continuous-flow thermal diffusion columns. In the present'
chapter a theory will be developed to describe such column
operation mathematically.

A qualitative descripfion of the proposed column will
be given first; structural detaills are deferred until the
next chapter. Figure 3-1 1llustrates the principle of a
continuous-flow thermoelectrogravitational electrophoresis
columm. The column consists of parallel membranes (concentric
appargtus could also be constructed) separated by a spacer.

On the outside of the membranes are the'two electrodes and
circulating buffers at two different temperatures. This col-
umn can be operated either in a batch mahner if no products
are withdrawn from fhe column continuously or in a continuous-
flow manner (Figufe 3-2) in which products are continuously
witﬁdrawn at the bottom and at the top of the column.

For continuous operation, the feed can be introduced

‘into the working space and products withdrawn at the bottom
39
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and top:. The rates may be adjusted as desired. 1In ordef to
‘maintain the pH of the solution in the working space during
electrophoresis, a flow of.buffer solution from behind the
membranes 18 required to replace the depleted ions. These
buffers are also used as a convenient means of maintaining
the temperature difference between the membranes. ‘Another
function of the flowing buffer solution would be to remove
Athe heat geherated in the apparatus. The direct current
electric field is applied across these membranes by means of
coextensive electrodes which ﬁre outside the membranes. If
‘there were a temperature difference between the membranes, a
thermal diffusion field in the horizontal direction can also
be established.

When the voltage gradient and the temperature gra-
dient areAestablished, the charged particles will move toward
one of the membranes. If the temperature at this membrane
i1s lower than that at the other, the solution will sink to
the béttom, because of the higher density at a lower tempera-
ture and increased concentration. At the sﬁrface of the
other membrane, exactly the opposite phenomenon takes pléce
and the liquid rises. A convection current is therefore set
up which gives the reflux action enhancing the separation -
obtained. The semipermeable membrane in electrophoresis 1is
necessary to prevent the moving c;arged components to be
separated from reaching the electrode and depositing on it.
The comblination of heat transfer and concentration éhange

. that is brought about by the présence of the electrical and
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temperature fields, multiplies the gravitational reflux
action. The column can therefore be ternied as "thermoelec-
trogravitational continuous-flow electrophoresis column”.

The action of thermogravitational as well as electro-
gravitational reflux in enhancing the separation in a contin-
uous electrophoresis column over tﬁat in a static cell may
be illustrated in the same manner as done by Grew and Ibbs
(19) for the thermal diffusion column. Consider an electro-
phoresis column consisting of-a‘pair of vertical flat mem-
branes, initially filled with a sélution of a charged collold
1% in concentration. fhis situation is illustrated in Figure
3-2. The initial condition of uniform composition is shown
in Figure 3-2a, in which, for simplification, 1t 1s consid-
ered that the initial solution is composed of 16 portions.
The éeparation is Initiated by applylng the electric and
temperature fields té initiate convection, A relatively
short time will be required to establish the voltage gra-
dient. Separation by electrodiffusion in a direction normal
to the membranes and convective flow of solution parallel to
the membranes occur simultaneously; but for this illustrative
stepwise procedure, they will be considered to take place |
alternately. First, electrodiffusion occurs and an equilib-
rium separation of 0.1 gm./100 ml. is obtained between each
pair of the 16 portions (Figure 3-2b). The composition is
expressed in terms of the charged species which also will be
assumed to be heavier than the solvent as for example, a pro-.

teln dissolved in a buffer solution. Next, the convection
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initiated by the action of the temperature gradient and elec-
trophoresis transports solution downwards in the cold section
a distance equal to the length of one portion, and upward an
equal distance near the hot membrane as shown in Figure 3-2c.
The continuation of the sequence of Figure 3-2 shows how the
charged molecules or particles are transported toward the
bottom of the column Qith each step. This results in a con-
centration difference between the ends of the column which
is greater than the separation obtainable by a static elec-
trophoresis cell using the same electric field. The convec-
tion, therefore, 1s the predominant factor in determining the
degreé of separation attalnable. '

Batch and continuous-flow columns couid'be'operated
in several ways elther for concentrating a solution or for

preparing pure components. The electrophoresis column can

be operated in three different ways. .They are:

(a) Isoelectric Point Procedure

In this method, the pH ié adJusted to such a value
that one of the components is at its isoelectric point. It

is therefore immobile and remains in its original concentra-

. tion throughout the column.

This procedure, when applicable, is a very efficient
means by which separation of two or more proteins may be
achieved. In multicomponent systems 1t is advisable first
to isolaté the component with elther the highest or lowest

isoelectric point.
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(b) Differential Transport

The isoelectric procedure is, however, not always
applicable. This may be due to very low solubility of the
component to be separated at its isoelectric polnt or a very
small difference between the 1isoelectric points of the compo-
nents to be separated. In such a‘case, the pH of the solu-
tion is adJusted in such a way that a considerable difference
in mobilities of the components is obtained. In this, the
component with highér mobility'will-pollect at one end of
the column at a faster rate than that of the other, and a
partial separation would result. Further processihs 6f the |
concentrated solution would be réQuired to improve the
purity. It is possible to oﬁercome the disadvantage of
limited solubility 6f a component at 1ts isoelectric point
by the formation of a complex with certain strongly acidic
or basic substances. Such complex formation shifts the iso-
electric'pdint of the compohent.‘ This procedure has limited
application and has been applied to the purification of

proteins.

(c) Reverse Transport Method

The third way in which the COiumn can be operated is
the reverse transport method. . At a pérticular pH between
their isoelectric points, the two components to be separated
may have mobilities in opposite directions. The essential
requirement of this procedure 1s that the bulk of the mate-

rial must migrate in one direction. ‘This is necessary to
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cause a density differential,* otherwise no convection would
occur. This procedure has limited application for substances
like proteins because it is difficult to obtain mobilities
of opposite sign which have a large difference between them.

A few observations regarding the operation of an
electrophoresis cell might be worth mentioning here. fn
thermal diffusion for a two component system, 1f one compo-
nent (say of lower density) goes to the hot wall, the other
macromolecule must:go to the cold wall. When combination of
electrdphoresis aﬁd thermal diffusion are used, care must be
takeh-to'see that the charged particle moves in the same
direction under the influence of both the electrical field
and the thermal field forces, so that they reinforce the
effect of each other. Otherwise, the~tem§érature field
might be.effective in the opposite direction and reduce the
effectiveness of the separation. |

Another important aspect 1s the generation of.heat
by the passage of electrical current thfough the solutidn.
This heat must be removed to avoid the possibility that the
temperature will rise beyond a certain limit and spoll some
material such as pfotein in the solution.

The electrophoresis cell must be provided with an

arrangement (such as vents) to eiiminate the gases, mainly

*Temperature difference would cause a density differ-
ence but as explained later in Chapter IV, only small tempera-"
ture differences can be employed and hence one has to rely -
mostly on the migration of the bulk of the material in one
direction to create the density difference.
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hydrogen and oxygen, which afe produced at the electrodes
due to electrolysis. The presence of these nascent éases in
solution or working space of the cell is undesirable because
they might spoil the'matérial in the solution. Their accu-
mulation in the buffer compartment might also increase the
pressure which would be transmitted tb the solution space
through the porous membranes causing disturbance in the

Jaminar convective flow.

Mathematical Descriptions

With the above qualitative description of the prin-
ciple and operation of the continuous-flow electrophoresis
column, one pbstulates a phenomenological description of the
electrophoresis column. Many mathematical approaches have
been employed in the case of thermal diffusion. These do
not differ in principle but in rigor of the énalysis. The
one largely'used in thermal diffusion by most workers 1is the
‘procedure followed by Furry, Jones, and Onsager (18). The
basic equation obtained by them for the mathematical descrip-
tionvof a‘thermal diffusion column was a partial differential
equation with non-constant coefflcients which was difficult
. to solve anal&ticaliy. Furry, Jones and Onsager, therefore,
considered the operation of a batch thermogravitational col-
umn and obtained an approximate expression to describe 1ts
behavior. The resulting equation, obtalined by reduction of
the general nonlinear partial differential equation i1s com-

monly called the transport equation. This method was modified
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by Bardeen (2) and others and extended to flow columns (78,
48). This transport equation for thermal diffusion was
developed by considering the net transport of one component
of a binary system passing through a plane perpendicular to
the walls of a batch thermal diffusion column. This transport

is the net result of the combination of convection and

diffusion::
w w 301
Top = S BeC, v(x) dx - § BeD 55 9% 3-a
-w ‘ -w
- where
Top ~ Transport of the component up the column,

gm./min.
B - Column width, cm.
v - Velocity, cm./sec.
p - Average density of fluid, gm./ml.
D - Molecular diffusivity, em.2/sec.

C1 - Concentration of component labélled 1.
Integration of this expression and incorporation of the
boundgry conditions at the walls, together with several
approximations yielded the followling expression:

40
= C C. - 1 -
Ton = BppC1(1 - C)) - Ky & 3-b

wherein
Hpp - A column parameter, gm./min.

Kpp, - Another column parameter, gm.-cm./min.
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Ei - Concentration of component labelled 1 at x = O
gBp AT app AT N (ow)3
with Hy, = Bp (22— ) (2B =) [2) 3-c
n T 6.‘
=K + K ' 3-d
“on = Kep * Vg,
6, = (2)(Z2Y el
th -~ D n 9: 4
BRI Kq = BpD2w 3-f
4 Th
where g - Acceleration due to gravity

Bp - Coefficient of thermal expansion
| n - Viscosity
Hpp - Column constant
K - Column.constant
- Column constant
KTh - Column constant
T :VAQerage temperatﬁre
AT - Temperature difference
2w - Spacing between the plates’
@, - Thermal diffusion constant
D - Ordinary diffusion coeffliclient
This is the transport equation as presented by Furry,
Jones and Onsager (18) for a thermal diffusion column. In
the rest of this discussion, this approach will be referred
to as the FJO procedure.

Kirkwood et al. (24) employed a more thorough
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analytical approach in the mathematical analysis of an
electrqphoresis convection column with reservoirs. They
develdped this theory to account for the convection brought
about by the copcentration difference occurring because of
the- electric field and did not consider a temperature
" difference. -In their derivation (Appendix E) a
quasistationary state was assumed, in which the velocity and
concentrations were functlions only of vertical and horizontal
position and did not change with time in the vertical channel
or column connecting the reservoirs. This transport process
was then subjected to a bpundary condition allowing a slow
accumulation of material in the resérvoirs. The solution of
these equations described the transport of a mobile component
from the top to the bottom reservoir. The assumption of
stationary state yields an invariant concentrétion at the
ehds, and requires constant net flux down the column. Since
the net flux at the ends must be zero at steady state, the
net flux everywhere becomes zero. Kirkwood's results cannot
accommodate such a condition. For the steady state continuous
flow case, the netrfiow would be constant, not zero, and
should collapse to the batch case as thelexternal flow
decreases toward zero, and his equations cannot be solved
for this cordition.

It 1s therefore concluded that the analysis of
Kirkwood cannot be used to describe the steady state batch
case or continuous-flow case of an electrophoresis column

without reservoirs. The nonlinear equations obtalned for a
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multicomponent system could however be solved numerically
for either case, but this procedure would be very tedius.
‘ On the other hand, the FJO procedure of analysis
referred to earlier can accommodate the boundary conditions’
‘required by the steady state batch case as well as the
continuous-flow case. Moreover, even though 1t 1is approximate,
it yields for the transport of a component in a column, a
nonlinear differential equation, which can be further
simplified by additional approximation to an ordinary first
order linear differential equation which is capable of not
only analytic solution, but of variéd manipulations as well,
in order to accommodaté a variety of cases of column
operation. Thus, this procedure has been successfully
utilized to describe the behavior of thermogravitational
thermal diffusion columns under several conditions. For
example it has been successfully used by Powers and his
associates in thermal diffusion (7,17,48) to describe the
behavior of a transient batch column, and continuous-flow
column with or without vertical dr horizontal barriers in
liquid thermal diffusidn. The FJO transport equation 1is
also easlly modified to desecribe céncentrated,'dilute and
intermediate binary solution systems. »

The important drawback of the original FJO procedure
is the lack of properbmethod for including the effect of the
concentration difference or the so called "forgotten effect"
in the equations. In thermal diffusion, this was ignored by
several authors (7,17,48) but this effect will be of major
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magnitude in the case of electrophoresis because of the
largeness of the electric field force. This is not, however,
a very severe mathematical restriction for the use of the
FJO procedure because methods are now avallable to include
the forgotten effeé; in tﬁe mathematical description of the
column. Thus in thermal diffusion, first de Groot and
associates (10), and later Baldschweiler (1), Von Halle (66)
and Horne and Bearman (73) took into account the forgotten
effect and obtained suitable mathematical expresslons to
account for its influence on the separation in therméi
diffusion.

The application of the FJO pfocedure to multicomponent
systems has been attempted for gaseous mixtures (81,82), but
there appears to be no attempt to apply it to liquid mixtures
in a general way. 1In electrophoresis one genefally encounters
a multicomponent system for separation and, therefore, one
might reason the FJO procedure could not be used .to describe
the behavior of an electrophoresis column. This difficulty
can, however, be surmounted, as explained later in this
chapter, by reducing the multicomponent system to an
appropriate two component system to which the FJO'procedure
can be applied. In order to accommodate the various column
parameters, such as spacing, flow rate, temperature
difference, field strength and to cover a variety of
" conditions of operation of the electrophoresis column, the
FJO procedure will be exclusively followed for the

mathematical description of the electrophoresis column.
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Both steady state flow and transient batch operation will be

considered in this thesis.:

In this work a single protéin in solution system has
been used for experimental study .of the performance of an
electréphoreéis column. However, the first steps of
mathematicél férmulation are presented in a general context
by considering initially a multicomponent system.

Consider a solution at a certain pH in which there

‘are several components (for example proteins) Pl’ P2, P3
. o e Pn having electric mobilities Uis, Ués, Ués e o o Uhs.

The solution is placed in batch thermoelectrogravitational
column which has a direct current electric field and a
temperature field. Figure 3-3 illustrates the co-ordinate
,systeh that 1s used for méthematical description of the
electrophoresis column. The two membranes are separated by
a distance equal to 2w and the column is imagined to be
separated into two sections vertically at the benter line
x = 0. The electrophoresis of proteins is generally carried
~out in alkaline solution. Under these conditions, they move
toward the anode in the field, (with mobilities conventionally
signed negative) the anode side being kept at a lower
temperature. Communication of ions through the membranes.
maintains the pH of the solution.

The appl%cation of the electric field and the
temperature gradient brings about two effects: (1) A flux.
of each mobile component of the soiutibh relative to other

components (one or many) will be brought about and
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(2) convection currents will be produced parallel to the
membranes. These are caused by density differences arising
in the solution because of the concentration change due to
migration of the components at different velocities. The
temperature'gradient (1f properly applied) will reinforce
both the fluxes and the convection. Thermal diffusion fluxes
in the horizontal direction will be very small compared to
the electrodiffusion fluxes. At low field strengths and high
temperature differences, convection reinforcement by4the
temperature gradient may, however, be comparable to that
caused by'the concentration éradient, because of the density
differences between the hot wall and cold wall.

Ih contrast with thermal diffusion columns, there
will occur in electrophoresis columns, a heat generation
effect{because of the electric current passing through the
solution. The temperature profile will therefore be |
different. At higher temperature the proteins and most other
biological systems may spoil and one would be required to
avoid some maximum in the temperature profile within the
solution space. This could_be done by malntaining

sufficiently high temperature differences between the two
| membranes, so that heat passes only in one direction from
the hot membrane to the cold membrane.

‘ - In the electrophoresis process, it 1s also necessary
to use sufficiently dilute solutions in order to have better
movement of ions and the charged particles. The solvent

acts as the suppofting medium in which the particle moves.



56

Only dilute solutions will, therefore be considered in the

formulation of the mathematical theory.

The mathematical formulatlion of the problem can now

be made. In an ideal column, both the voltage and temperature

gradients will exist in a direction normal to the membranes.

The fluxes of component 1 due to the various diffusional

forces in a solution cbntaining other mobile components and

a solvent (usually buffer solution) are given by (see

Figure 3-4):

In the x direction:

Flux due to electrophoretic diffusion:

Jx-Ep = P ['Uls (%> ] Ci6g t P [‘Ula (%%) ] C,C5 -

av

+p[-uln (£ ] c.c_ 3.1

Flux due to thermal diffusion:
a, D a,.D
_ 1s8™1s ar 11711 dT -
Jx—TD_—p[—’T' ]Clcsa“P[—T ]Clceax"
a,. D ' o
1ln"1ln dT

+""°,[_Tr'_]°1°nﬁ 3.2

Flux due to ordinary diffusion:
acl acl acl acl
Jx_op = -PDyg 3%~ - PDyp 3 - pD13 ox- ° ° - PDy) 3%
: : 3.3

In the y direction:
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Flux due to ordinary diffusion in the y direction:

J = pD. —= - pD._ —= - oD . . -pD, —
v-op = PY1s 3y T P2 3y T PPi3 5y Po1n 3y -

1) It will-be assumed that there are no gradients in the z
direction.* This implies the assumption that the width is
infinite in z direction therefore, edge effects are negligible.

2 ...U’ e the
1s Ués’ U3s’ ns 2% v

electrica; mobilities of the components, a g2 a12 .« o aln

are the binary thermal diffusion coefficients, Dygs D

In above equations, U

12

. D are binary ordinary diffusion coefficients,

1n
Ci1: Co . . . C, are mass fractions of the mobile components.

The other symbols are defined:

V - Voltage at a point along the x direction

T - Absolute temperature which is a function of x
T - Averagé-abéolufe temperature |

X - The axis normal fo the membranes _

y - The axls parallel to the membranes

C, - Mass fréction éf'tne solvent in solution

The above equations have béen written for one mobile
component in a multicompqnént system following conventional
diffusion theory.. ﬁowever, in order to be able to apply the
‘FJQ procedure in a simple manner a multicomponent system

should be reduced to a two component system consisting of

*The-assumptidns which will be made in the development
of the mathematical theory will all be numbered with numbers
in half right brackets.
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one mobile component and a solvent (the buffer solution) or
two moblile components only. As mentloned earlier in this
chapter, three main methods are followed for the
electrophoretic separation of the proteins.

In the differential and reverse transport methods of
electrophoretic separation, it is possible to reduce the
multicomponent system to a two component system by treating
the one desired species as one component and all other
species togeﬁher with the solvent as the other component.
System properties such as the electrical moblility and ordinary
diffusivity are to be calculated on the mass average basis.
Even though&the mobility and diffusivigy,of the solvent are
zero, they should be taken into accouné when calculating the
mass average properties‘of the hypothetical component 1in
which the solvent is included.

In the isoelectric procedure of operation of the
electropﬁqresis separation process, the reduction of the
multicompdnent'system could be done in a similar manner. In
this case, it would be done by éonsidering as oné component
the isoelectric species together with the solvent (as both
are lmmobile under the influence of electric field) and all
the mobile species together as the other component, and using
mass averaged properties for'electrical mobiiity and an
‘ordinary diffusivity for.this hypothetical component.

The isoelectric procedure 1s by far the most efficient
since it is capable‘of‘giving complete electrophoretic purity

of at least one component, while only partial separation
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could be achieved'by the methods of'difrefential transport
or the reverse transport method. The isoelectric procedure
would give a particﬁlar component in an electrophoretic
purity in one or two steps of electrophoretic fractionation,
while several steps would be required by the other two
methods. Since the isoelectric procedure is preferentially
followed wherever possible, in the present mathematical
formulation, only the isoelectric procedure 1is considered
and the equations will be derived for a two component system
in which one hypothetical component is mobile while the other
is immobile (solveﬁt + isoelectric component).

Note here, that in writing the previous equations,
it was assumed that the electrodiffusion flux of one component
was a function not only of its own concentration but also of
the conceﬁtration of the other components present in solution.
Theoretically, such a postulate implies that the
phenomenological theory of diffusion in electrophoresis can
be developed using the binary electric mobllities of the
components. The total electrodiffusion flux of a component
is, therefore, given by the sum of all the binary
electrodiffusioh fluxes. In a solution where components
1,2,3 . . . n are in very small amount (dilute solution),
the diffusion fluxes of a component with respect té the |
other mobile components will be negligible as compared to
its diffusion with respect to the solvent, since the mass
fractions of components Cl, 02 .« o o Cn will be small and

their pro@ucts sgch as 0102, 0103 . . . ClCn will be smaller
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still. Similarly U >>Ui2,U 5 « « « U, and therefore all
13 1n

1s
terms except the first in equation 3.1 can be neglected in
each case.. All other terms in the equation 3.1, 3.2, 3.3

except the first one will, therefore, be neglected and the

total flux in each case wil¥ .now be written as:

Jx-ED = ° [‘Uls ($) ] €% | 3.5
o [ OPE(E) Yo, se
'acl
Ix-op = PP1s 35 3.7

. ac_ -
J 1 3.8

y_OD = -leS ay

The equations 3.5 to 3.8 can be comﬁined with a
function that represents the convective velocity to obtain a
partial differential equation WQich describes the
concehtration as function of the time and the two coordinates
Xx and y. In order to simplify the resulting eqﬁations, the
following additional assumptions will be made: -
2) Temperature and voltage gradient occur only in the x
direction. o

3) The convective velocity is not a function of y and the
end effects can be neglected.

4) 1In order to evalﬁate the properties of the solution in
the column such as average viscosity and a mean average

: dehsity, an integral average temperature T may be used.
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5) The electric mobility, the thermal diffusion constant

and the ordinary diffusivity are all constant at all

positions in the column.

The first three assumptions should be reasonable for

a carefully constructed column with a width (in the z
direction) very much greater than the spacing between the
membranes (in the x direction). The third, fourth and fifth
assumptions seem Justifled if separations, electrical field
strengths and temperature differences are not large. For
example, Emery (14) has shown that ordinary diffusivity is
constant for the range of temperature differences usually

encountered in 1liquid thermal diffusion columns.

Theoretical Development

With these assumptions, and previously defined fluxes,
a material balance around a differential element of the
solution space over an infinitesimal time 1ncrement'yields
'fphe'papxial non-linear differential equation having one term

-

with a non-constant coefficient:

.2
t T T1s N ax© 7 dx 1s dx
- v(x) 3y , 3.9

Implicit in the above derivation is the -assumption 6) that
the migratory components behave lindependently without any
appreciable interaction with each other and therefore all

processes ére governed solely by the properties of the
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individual component. Thus, the movement or Eransport of
one compdnent will not be hindered by other components and
will be regulated by only the convective velecity and
diffusion coefficients.

" At the membrane walls, the net transfer of the mobile
component due to ordinary, electric and thermal diffusion
must be zero since the membrane is semipermeable and does
not. allow molecules of either the moblle component or the
isoelectric component to pass through its pores. Therefore,
any solution to Equation 3.9 should be subject to the

boundary condition that:

a, D . :
18718 dT N _ _ _
( Uls dx + = i =.0 at X =+Ww, -0 3.10

ls bx T

(Hereafter the subscripts on D, and Uls will be dropped for

convenience since only one component 1is considered. However

subscripts on als will not be dropped to avoid confusion from
a defined later in this chapter.) Moreover, the solution to

equation 3.6 must also satisfy the material balance:

aC
‘T =B S pC, v(x) dx - B S PD 3o —= 3.11

oy
- -Ww
where B 1is the column width, cm. (a constant)

p is the average density, in gm./gm.3 at the
Integrated average temperature T

and T 18 the net transport of component 1 down the column

The net transport v is obviously the difference
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between the transport resulting from vertical convection and
that due to vertical ordinary diffusion. It wlll be assumed
at this stage that:
7) A mean density of the solution can be used to convert
volumetric flow rates to mass flow rates.

Equation 3.9, 3.10, 3.11 represent a mathematical
description of the processes that take place within.the
thermoelectrogravitational electrophoresis column.

Because equation 3.9 is a nonlineéf secénd order
partial differential equation, a rigorous general solﬁtioh
* would be extremely difficult to obtain. It has already been
mentioned that for a thermogravitational thermodiffusion
column, Furry and Jones and Onsager (18) have shown that
equations of the type 3.9, 3.10, 3.11 can be reduced to an
ordinary differentlial equation of first order in y with
constant coefficients, which is known as the "Transport
Equation”. This procedure appears to be feason&ble for
electrophoresis columns as well because the concentration
change in the x direction in such columns would be small
compared with the total concentration difference in the
y-direction. The basic development for a batch column was
extended to flow columns by Jones and Fufry (77) and later
Powers (47) by making a slight modification in the method.

A similar procedure has been followed in this work; the only
difference is the superposition of one additional
electrophoresis diffusion force upon the thermal diffusion

field force across the solution in the horizontal direction.
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Derivation of the Transport Equation for Batch and

Continuous-Flow Thermoelectrogravitational

" Electrophoresis Column

In the previous section,.a general non-linear partial
differential equation describing the electrophoresis column
operation has been obtained. The present section will
describe the method of obtaining the fransport equation to
describe batch and continuous-flow operations of the
thermoelectrogravitational electrophoresis column.

The form of equation 3.9 is simplified to considerable
extent by neglecting vertical diffusion as compared to

transport by vertical convection giving:

2
9°Cq oCy
8) D << v(x) =— ;
) D < vx) g
by considering only the steady state solution so that
acl s
9) Yl 0

and by assuming 10) laminar convective flow so that

convective back mixing can be neglected.
dv

The voltage gradient ax can be replaced by E, the
electrical field strength by definition and 11) this will
dT

be assumed constant. Also 12) it will be assumed that
can be replaced by an average value g% to take into account
- the dependence of T on x.*¥ When these assumptions are.

applied to the equation 3.9 one finds:

*#*Phis assumption will be Jjustified later in detail.
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Q1D Fm
1s , dar 8 1
+ (UE 4 = ) - v(x) ;=0 3.12

The boundary conditions of equation 3.10 are also modified

to give
oCy a15P T
-D S—_ + ( UE + —ir— > ClCS 0 at x=4w,-w 3.13

It may be mentioned.here_that the vertical diffusion term is
retained in the material balance condition given by the
equation 3.11 but is discarded in the partial differential
equation 3.9.

At this point in their development, Furry, Jones and
Onsager'integrate the first term on the right of equation
3.11 by parts. This ylelds for the net transport of

component 1, down the column:

w W U)ac
T = Bp [ C, 8 v(x) dx ] S 3% [ S v(x) dx ] dx
-0 -w
w
- B S pD :;l dx 3.14
-w

Batch Operation
The first term on the right of equation 3.14 vanishes

at both 1imits for the batch case so equation 3.14 becomes:
oC aC,y
T = S l[gv(x)dx]dx-BSpDa——dx 3.15

A partial integration of equation 3.12 with respect to x gives:



b ¢
aq.D g7 aC
. 1s” dT S 1 _
D — + ( UE + ——=r'——'> ClcB - ) v(x) 35— dx = f(y) 3.16
But from the boundary condition at x = -w (equation 3.13),

the constant of integration, f(y), is zero so that

X
oC a aC
1 18D dT 1
D + ( UE + T >CIC - S v(x) Tl dx =0 3.17

or dividing throughout by D and rearranging:

oC
v(x) 551 3.18

Egl-+ (}H§.+.EE£.§T:> C.C_ = g

]

-

In order to satisfy the condition at x = +w, the following

relation must hold:

w ac, , :
S v(x) 3o dx = 0 3.19

' aC
Moreover, if it is assumed that 3;1 i1s independent of x,

equation 3.19 can be satisfied only for conditions of no bulk

flow or batch column operation.

Now- substituting into equation 3.15, the expression
oC

for Sil-obtained in equation 3.18, one can get:
w
_ _ ( UE 1s dT
T = -Bp S[ (_D_ )clc
-w
x
aC . :
1 1
+I—)--§’V(x) dx] Sv(x) ax dx 3.20

Now assume:
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13) that the product C,C; 1s essentially independent of x
14) that -:-gl is independent of x so that all x dependence
is retained within the integrals, and
15) that the mean concentration at x = O (center line) will
be satisfactory in defining the y dependence of
composition.

Equation 3.20 then becomes:

w X
= {[ee (F+2ED] S Vve) axax )

-0 -w

_d_l [ﬁ"— S: }ch(x)u)edx]}-{BpD-gdx}

-

o)

3.21
In equation 3.21; superbars ilndicate the mean value of C
taken at x = 0. )
It 18 observed here from equation 3.21 that all
groups within brackets contain definite iﬁtegrals. Thus,
~given a velocity distribution'ﬁ(x), all expressions could be

integrated to yield constants. Iet the groupings be defined

as:

w X
H=Bp(-U§+%§§x—T) { §vix) ax ax 3.22
, -0 -w
ke =32 [ (vex) ax | ax 3.23
-w —-w
wv .
Kg = BeD | dx 3.24
-w

Further the K definitions can be combined into
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K =K, + K4 3.25
The above expressions are similar in form to those obtained
for the thermogravitational column, (18,88,48). The final
expressions for the above constants will depend upon the
nature of the velocity profile v(x), which will be discussed
later to evaluate the integrals given by equation 3.22 and
3.23. -

In equation 3.22, the term %g-represents the
electrophoresis term while the term 3%3-%% represents the
thermal diffusion term. In the case of protelins, the thermal
diffusion coefficient als will be very small compared to the
electric mobility of thevprqtein and for all practical
purposes .16) the thermal diffusion term may safely be

ignored. The expression

w X
H=Bp(-"—§)g Sv(x)dxdx | 3.26
-0 -
With these definitions of the column constants, the equation
for the transport of the component 1 down the column will be
given by the relation
dC1

T=Hclcs-Kd—y—- 3.27

dC '
in which E—l is now an ordinary and not a partial derivative

since it was assumed independent of x and, therefore, is a
function of y alone. Note that equatioh 3.27 is simple in

form but is still a nonlinear differential equation because
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of the presence of the product term EIE;.

This is the transport equation for a batch
thermoelectrogravitational electrophoresis column. For
~ steady state batchwlse operation, the transport t given by
equation 3.27 1s equal to zero.

The transport equation 3.27 has been derived for the
case of a batch thermoelectrogravitational electrophoresis
éolumn with the assumption of a steady state batch operation.
With certain modifications, it can‘also be used to describe
the continuous-flow and transient modes of operation of the
electrophoresis column. Its application to continuous-flow
case 1s discussed in the section that follows. The use of
the"transbort equation to describe the transient behavior of

the column will be discussed later in this chapter.

Continuous-Flow Operation

At this point it is suggested (cf. Jones and Fﬁrry
(80) and -Powers (48)) because of the assumption that the
velocity 1is independent of y, an additional linear transport
may be impréssed in the y direction in order to account for
continuous rémoval df product. The values of H and K as
defined by equations 3.26 and 3.23, 3.24 and 3.25 are
applicable strictly to the batch case. waever; for the flow
case, they may be evaluated using batch velocity profiles if
| the net removal of product from the column is small compafed
to the internal convective flow (18,48); With this

stipulation, when a. linear transport og gm./min. is impressed
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in the y direction in the enriching (bottom) section, one

obtains the equation:

dCy
L4

B = Hy 0305 - Kp g3 C, 3.28

B"1

where dg is the impressed flow ratg in gm. per unit time, T8
is the new net transport down the columﬁ, and Hy and Kg are
the column constants for the bottom section. Since the total
amount removed from the bottom of the column must be the
total net transport, equation 3.28 can be simplified by
putting OBEE'for T8 for the case of the steady staté flow.

. B : i

950 = g = HC1Cy - Kp gy + %01 3.29
In these equations the subscript B indicates the bottom
section of the column andlﬁg'is the concentration of component
1-1eav1ng the enriching (bottom) section. Rearrangement of
the equation'3.29 for the bottom section of.the column yields

the equation:

dC,
Similar reasoning applied to the top section of the
electrophoresis column gives:
aCy |
- 1
op(Cp - Cy) = BpCyCq - Kp 57~ 3.31

where Cp 1s the concentration of component 1 leaving the top
section of the column. The equations 3.30 and 3.31 are the

final forms of the transport equation for the continuous-flow R
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eiectrophoresis column.

It should be emphasized here, that the electrophoretic
diffusion does not introduce much change in the form of the
equations, but that increases in values of H and K are
obtained. Solutioﬁ of the transport equations will,
therefore, follow the same pattern as in the case of
thermodiffusion column. In the subsequent section of this
chapter it will be shown how equations 3.30 and 3.31 can be
utilized for several different cases of column operation;
First, however, the evaluation of constants H and K will be

considered.

Evaluation of the Constants H and K for the Batch Case
For the purposes of simplificationkin the

interpretation of the column data it will be .assumed that H
and K hold the same values for both the top and bottom
section of the column. An‘examination of the expressions
for H and.K reveals that their evaluation rests primarily on
obtaining an expression for the velocity diétribution v(x).
If it is assumed that the flow is Newtonian, then the .
‘Navier-Stokes equation for a Newtonian fluid is the startiﬁg
point for the derivation of the desired velocity distribution.

The Navlier-Stokes equation can be written as:

IL_davgxz _gar PEe =0 3.32
gc dxe dy g )

If one differentiates the above equation with respect

| to the variable x, one obtains:
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dv(x) gdp _Bed (ap
ix3  ndx " ax(dy)“o 3.33
or culx) & do 3.34
dx3 _ n dx *

since g% is not a function of the variable x.
"~ The derivative of p with respect to x will depend
upon not only the temperature but also on the concentration

distribution and, in general, will be given by the expression:

aC
%‘(%% 2(3‘53 )(f) 3.35

Wherein n is the total number of components. The derivative
%%; will be taken as zero since it will be assumed that the
solvent concentration Cg will be nearly equal to 1 at all
positions in the column. |

. The equation 3.35 redﬁces for the case of a single
mobile component in a solution to:
do _(2)dl 2 3Ty

ax - ax *aw ww 3.36

The first term in equation 3.36 is a measure of the
change in density because of a temperature gradient. 1In |
thermal diffusion the value of %g is.obtained as é%-because
of the linearity of the temperature distribution in x
direction. In the case of electrophoresis, sirice the

temperature distribution will be affected by the heat

generated by fhe electrical current passing through the
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| dT dT
solution, an integrated average value 3§'°f dx was used in

the derivation of the material balance EQuation 3.9. Here,
however, for the calculation of the velocity distribution,
the effect of the heat generated in the column willl be taken
~into consideration.

The second term is the measure of change in density
caused by the concentration change and in thermal diffusion
it 18 customarily called the "Forgotten Effect"”". When
interpreting thermal diffusion column data, this effect is
usually assumed negligible. This may be a poor. approximation
even in thermal diffusion as is pointed out by several
authors (1,10,22,66) and it can lead to an appreciable error
particularly in case of large plate spaclngs as 1s polinted
out by de Groot (10). After de Groot et al. (10) obtained,

by suitable approximations, an expression for ;El.in the.
equation 3.36,}the forgotten effect has been taien into
consideration by Von Halle (66), Baldschweiler (1) and recently
by Horne and Bearman (22). Electrophoretic field force is
many times stronger than thermal diffusion field force and
since its effect 1s reflected in the concentration difference
~ that results, the concentration gradient term will not be
negligible for an electrophoresis column. The present
development of the velocity profile will therefore include
the effect of heat generation and that of concentration
gradient on the density gradient. Therefore in sections that

follow immediately the evaluation of the two tefms on the

right hand side of equation 3.36 is considered first.
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Evaluation of the Temperature Distribution

The temperature distribution will affect the velocity
profile. The determination of the temperature distribution
must include the heat generated by the passage of £he
electrical current. To obtalin an energy balance on an
incremental volume of solution space, several assumptions
will be made. These are: 17) The steady state with respect
to both the transfer of heat and the establishment of the
voltage gradient 1s reached so that the temperature field 1s
stabilized quickly, and 18) that although there is laminar
convection in the column, heét transfer takes place only in
the direction normal to the plane of membranes. 19) The
thermal conductiviﬁy of the solution k is constant. Because
of the passage of the direct current through the solution an
amount of heat Q cal./cm.3 of solution space is generated
during electrophoresis. This can be calculated if the
electrical conductivity of the solution is known using the
experimental values of the voltage and the current. 20) It
will be assumed that for the dilute solution of the protein
to be used in the present work the electrical conductivity
is constant. |

The resulting equation is:

2 .
gx—§+§=o | | 3.37

This equation must be solved subject to the following

boundary conditions:
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T=T, at x = +w 3.38

T = T2 at x = -w : 3.39

where T1 - the temperature at the hot membrane
and ‘1‘2 - the temperature at the cold membrane.

Two successive 1ntegrations give the solution of ‘equation 3.37:

2
= - 2% | g | 40
T X o + Fx + @ 3.

The constants F° and G° are evaluated using the boundary

conditions 3.38 and 3.39 and the final expression for the

temperature 1s obtained as follows:

T, + T '
P =2 (@ -x2)_ ATy, 1 "2 3.4
2k 2w 2

where AT = T, - To 3.42

It will be noticed from equation 3.41 that the temperature
distribution is parabolic and not linear as 1h the case of
the thermal diffusion column. When Q = O, the equation 3.41

reduces to
| T = - Ea'x + — 3.43

which is linear.
On differentiating the equation 3.41, one obtains an

expression for the temperature gradient which is:

aT _ _ Q. _ AT
o T X -5y ; 3.&4

and this 1s the expression to be used to obtain the velocity



7
distribution.
The average teﬁperature at which the properties such
as viscosity, density and diffusivity will be evaluated is
obtained by integration of equation 3.41 and is given by:

"1"=2158de 3.45a
-
— 1 (Cra.,o 2 AT Ty + Tp
or T =35 S [ x (w= - x°) - o Xt ] dx 3.45b
-w

When the integration is carried out and the constant of

integration evaluated, one obtains:

FoTitT @ 346
2 3k :
The equation 3.46 shows that the integral average temperature
will be higher than the arithmetic average temperature by a |
value of g%g-and will depend upon the Yalue of Q, the heat
generated, and the thermal conductivity of the solution. Q
in turn depends upon the current and the electrical resistance
of the solution end sets a 1limit on the value of the current
strength that can be used so that the average temperature
does not go beyond'a certain'point at which the protein in
solution may get spoiled. In columns of small cross sectioh,
therefore, 1t may not be possible to use high current
denslitlies because of the difficulty involved in the removal

of heat since small transfer area is available. This matter

will appear again when discussing the nature of theoretical
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results concerning the column behavior. As stated eérlier

the temperature gradient gz given by equation 3.44 is to be

used in the first term of equation 3.36 for %%n Given

equation 3.44 for the temper%ﬁure distribution, one still
. e

requirés an expression for 5;l in order to evaluate the
velocity distribution. For the present it will be assumed
that one can use some kind of average value of the

361 BC]_ ,
concentration gradient Ei_,say I ° An expression for its

evaluatibn will be derived later.

Evaluation of the Velocity Distribution

With the use of the expression for %%-given by

acl
equation 3.44 and the assumed value of 5 it 1s now possible

to integrate the expression for the velocity distribution.
The equation 3.34 is:

Qi"_(ﬂ_&.g_ﬂ_ 3.47
3 T n dx ’
dx ) -
v(x) & 3p .dT , 3p 31 | -
or 3 [ 3T ax ' K ] | 3.48

When the expression for gT given by the ‘equation 3. 4y 1s
inserted in the equation’ 3.48,_one obtains the equation:

: ac .
vgx} » AT 1
x. - == . .
» [ 2w acl ] 3.49
Now if the following relations:

P = -8y 3.50
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9p

A = Bg 3.51

are employed in equation 3.49, one obtains the equation:

TSR LTI S
"3 ‘ T,
o BE g[8 D] am

By assuming that 21) both Bp and B; remain constant and

after two successive integrations of the equation 3.53, one

gets the expression for the convective velocity as:

v(x) = { Eﬁi xt 4 6 Bg:T + Bc 3% T ).x +A'x® +B’x +C }
3.54

The constants A", B’, and C° in the equation 3.54 are to be

evaluated by the following boundary conditions:

»

v(x) =0 at x = -w, w 3.55a

and by virtue of the batch operation of the column, the

relation:
w

{ vix) ax = 0 | 3.55b

-
when this is done, the expression for the velocity
distribution v(x) results and is given by:

BrQ o . dCq~ BrQu® BrQ 4
5'1‘41'1‘ 1 3_,2,y_"T x24 I=
v(x){ ( dx>(x wex) - ——— x4 }

2k 20k 120k
3.56
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Evaluation of ggl-ggi Use in Equation 3.56
The expression for g;l can be derived in the same
manner as has been done by Von Halle (66). He used the case
of batch operation (TB = Ty = 0) and the same result will be
used for the continuous-flow column 22) assuming that at
low flow rates 1t can be applied without introducing much

error. By.definition:

_— W —

Bcl 1 9 1

9x = 20 _é ox dx 3.57
d'(?l

" If one introduces the expreasion for = from equation 3.18,

one gets the following (neglecting thermal diffusion term):

® 1 §[-HE_G—E—+ §v(x)?ﬁdx]dx 3.58
3x 2w ¥ D 1s ° oy -

For the evaluation of integrals on the right hand side of

onme

aC
equation 3.49, an expression for 1 45 required. This

oy
expression 1is obtained from equation 3.21 for the batch case

0
l1.e. when 7 = 0 by assuming Sgl to be 1ndependent of x and

y w
3¢, dC;
neglecting the vertical diffusion term BpD S dx, —=. =
T —w oy dy

is then given by the expression:

w x
Bp S S v(x) dx dax

e I 0 - 3.59
dy w )

x o
%ES[Sv(x)dxdx]dx
-0 - -
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dCy
Substitution of the expression for = given by

dy 3C
equation 3.59 into equation 3.58 yields the equation for S—l .
b'¢
w x

T W X S S v(x) dx dx
—1_LUE __1_33 -0 -0
Y 5 C;1Cg NN v(x) m - . dx dx

S [ S v(x) dx ] dx 3.60

- -0

When the velocity profile given by the equation 3.56 is used
to evaluate the 1n€egrals in 3.60 and the small terms are

neglected, one gets a value of 0.7 ( %?») clcs for the second

dac
term in the equation 3.60. The resultant expression for a_l
b

is therefore given by:

oC; 3 uE
ox 10D

C,Cq 3.61

The expression for ggl was first obtained in the above manner
by Von Halle (66) for thermal diffusion. However, the
expression obtained by de Groot and assoclates (10) also
reduces to the above form after sultable approximation.

In order to be able to use this expression explicitly to
account for the forgotten effect, some average value of the
product C1C5 is required. In the first place, Cg = 1
everywhere in the column. Therefofg it is only necessary to
find some average value for C;. Horne and Bearman (22) have
shown that this shouldbe evaluated at x = O and y = O for a
column with reservoirs in thermal diffusion. However, in

the present work, the average value (Cg + Cp)/2 (concentration
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of the component at the top and Cg that at bottom) will be

considered satisfactory. Therefore, the expression for Egl
_ : 9x
becomes:
C 4 C
8—=°3('D">< 3.62

But ___E___.is equal to Co the concentration of the moblle
component under consideration in the feed solution_and

therefore

acl =03(E)e, 3.63

The equation 3.63 gives an integral average value of

the concentration gradient. On the other hand, if the value
3o .

of Sglisgevaluated at x = 0 and y = 0, a slightly different

3
value results and SEl.is given by:
X

L p— dCl

S-x——— D lC S V(X)

3.64

3T, .
For = evaluated at x = 0, the equation 3.64 yields:
X

B | dc
(a )oy > %)y - (d >oy-§,v(x)dx 13.65

Now again using the transport equation given by 3.21

neglecting vertical diffusion term and putting T = O for

batch case, one obtains the value of ( dcl ) and carries
oy

out the integration. The result is:

dcC.
~(F),- B oy - B () @y 366
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( dCl _ f%.( %;-) (C1Cq) oy 3°§7

oy

Now assume (5158)00 = C;C5 (original solution); the above

relation becomes:

aCy 5 / UE o
( ¥Ix > TE'< TT') Co 3.68
aC
It will be seen that the integral average of 3_l.is smaller
I X

than the local value of S at x =0and y =0 (at the feed
point in the column) by a value given by ( ig - %%-) = 0.0125
which 18 about 4.17% larger than that.obtained by taking an
average of the top and the bottom concentrations. In this:
work the integral average value given by equation 3.63 will
be used in all calculations as an approximate value for the
entire column.

)
When the integral average of 5;.]_-.given by the equation
)
3.63 is used in the equation 3.56 for 1 , the final form

¥x '’
of the relation for v(x) results:
‘ BmQ " 0.3UEC '
T 4
v(x) = %-{ ok X 1 ( ) ° ) (x3 - w?x)
Qu? B Q
Brp 2 4
~ 2ok * Y 20k } 3.69

The evaluation of the constants H and K is now
straightforward, although the integrals given by equations
3.26 and 3.23 involve tedious algebra. The values of the

constants are:
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1o ( 2y ()t (S Oy ()

2wn
3.70
H=(HI.)+ Hp + Hp 3.71

wherein HTE and HE are the conveniéntly defined component

constants of H so that:
HTE - contribution to H due to the product of E and
AT. This 1s an interaction term.
Hp - contrlbution to H due to E alone.
and Hp - contribution to H due to AT alone. This was
already considered negligible, because}pf'the

very small thermal diffusion coefficient of the |
lsHT

T dx
was dropped from equation 3.22 to get equation

protein, when the thermal diffusion term

3.26.
Since HT represents the thermal diffusion term in equation

3.71, which is neglected, the expression for H is given by:

= HTE + HE . 3072
In the above equation therefére:
gPp T UE ) (20)*
g =30 ( QD 3.73a
n )
0.3UEgBC 5. ‘
and HE=Bp( m°°)(9§—)12—‘;’L 3.73b

Similarly the column constant K can be written in the

following convenient form:
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K =Kp + Kpg + Kg + Ky 3.74

with its component constants KT, KTE’ Kg and Kd defined as

follows:
Kp - contribution to K due to AT alone.
KTE - contribution to K due to the‘product of AT and E.
Kg - contribution to K due to E alone.

and Kd - contribution to K due to ordinary diffusion.

The full expression for K has not been written here because
it 1s excessively long. Evaluation of the integral for K

gives the following:

KT _ %"_C SBE;AT ) (2w)7 _ 63 ( Bp )( )( BTATQ ) (2(1))9

1
ézsulal =1 gaTQ) (2"’) - 3.75a
. 2.0 ( Bp )( SBTAT )( 0. 33300 UE > (gw)B 3.75b

I

(L) CE) ()

2 9
Bp (g, 9-3UECoPc \* (2w)”
+B2 (8 ) = 3.75¢
Ky = BpD - (2w) (due to-vertical diffusion) 3.754

At small values of Q, the terms involving Q in above constants
will be very small.

An examinatlon of these equations and a comparison
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with their thermal diffusion counterparts shows that the
effect of the electric fileld 1s to give higher values of H
and K 1n electrophoresis than those that are obtalned when:
only temperature difference 1is operative in the column.‘
| ‘In order to.obtaln a thébry for steady state
continuous-flow column berformance, the transport equations

mﬁst now be solved.

Steady State Solution of the Transport Equation
In this section, the steady state solution of the
transport equation will be presented. Repeated below is the

transport equation for the top section:

dC,

-0p(Cp - Cy) = HCiCq - 3 3.76
Yy
and since 55 >~ 1, the equation becomes
- - — dCy
-UT(CT - Cl) = K‘I‘Cl - _dy : 3-77

At this stage the notation will be simplified by dropping
the superbars and the subscripts remembering always that the -

values of C are the values at x = 0., The final form is:
dac
—OT(CT - C) = }II;C - I(JIA 37 3.78

The varliables in the above equation are easily separable.
The 1imits of integration over the top section are obvious
uﬁon inspection of the coordinate system in Figure 3-2.

Thus, the integrals are:.
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Cp . ) Cp=-L/2

dcC
= - dy 3.79
CS (Hp - Op)C - OmCm S

M 0

Where the lower limit of the concentration is the

concentration of component 1 at y = O for the‘éfeady state:
C=Cyaty=0 3.80

When the integral is evaluated with this boundary condition,

one gets the following expression for C:

: - (Hp - op)
omC omC - x _ J
T T + ( CM T T e K X )
T

3.81

The expression relating CT, the concentration at the top
(v = Lp = -L/2), with Cys the concentration at y = 0, 1s
obtained by putting y = Ly = -L/2 in the equation 3.81 and

then rearrangement giyes:

L (o )
T
) o
C - ,
M- Hr 3.82
C UT
T 1 - —
— _HT
The analogous treatment for the bottom section yields a
relation between the bottom concentration Cy and Cpy:
_BL . %
ot () o
. e +t
Cym Hp 8
— = = 3.83
g 14+ 2
Hy

In equations 3.82 and 3.83, let
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HpL HplL
é_l{:r-’:ATandg—l(;-:AB 3.84

where L 18 the total separation length of the coiumn.

The relationships developed in equation 3.82 and 3.83
are very general in character. However, since the
experimental data were collected for a center-feed column
and for reasons of further simplification in the method of
comparison of theory and experiment, more ﬁestrictéd forms
of equations 3.82 and 3.83 will be actually used in this

work.

To obtain the restricted forms of the equations 3.82
and 3.83, the following further assumptions applicable to

both the sections of the column are made :

Op = Oy =@ . 3.85a

By = Hp = H 3.85b

and . Kp =Kz =K - 3.85¢
_ Ap = Ag -a 3.85d

and therefore A= %% 3.85e

and the equations 3.82 and 3.83 reduce to:

+A (1-%) iy

M | 3.86
T 1 - ﬁ

and
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-4 G-f)
e +

2

H

S 3.87
1+H

UJQ &Q
n

For dilute solutions, it is convenient to work with
ratios of the concentrations, and the separation factor f is
defined as the ratio of Cy/Cp. The separation factor
f = Cg/Cp can easily be obtained by dividing 3.87 into 3.86:

. oM
Separation factor f = B = St
' Cp OCn

(MR e

ey
RTINS

In the present investigation, equation 3.88 will be

3.88

the most useful form of describing steady state separation
in a center-fed, continuous-flow thermoelectrogravitational
electrophoresis column at low rates. The equation is
applicable to solutions in which the concentration of the
component to be separated is Very smalliand provided that
several other restrictions utilized in its derivation are

closely satisfied.

Transient Behavior of Thermoelectrogravitational

Electrophoresis Column

It is already mentioned that the transport equation
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derived by conslidering batchwise operation can be utilized
to develop mathematical expressions which could be used to
predict and to interpret transient behavior of an
electrophoresis column. The study of the transient behavior
of the column not only helps to determine the time required
to approach the steady state but provides an 1ndependent
means to verify the validity of the theory developed.
Anglysis‘of batch transient operation of the column is
therefore significantly important, and in ﬁhe'present section,
the transport equation given by equation 3.27 is utilized to
derive an expression for the transient separation factors.

Using the transport equation and taking a material
balance on a differential volume element of the column, one
obtains equation 3.89 which describes the transient behavior

of the electrophoresis column:

2
oC o C oC
m3yp =K S;g - H3y 3.89

where m 1s the mass of solution per unit length of the
electrophoresis column and is considered constant. The
solution of this equation is easily obtained.by fhe use of
Laplace transformation with the appropriate boundary
conditions. (To state the boundary conditions, a modified
coordinate system as presented in Figure 3-5 will be used.)
The column in this case will not be divided into two top and
bottom sections but y wili be conslidered equal to zero at the

top of the column and equal to L at the bottom. Thus:
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He -k -0aty=1L allt . 3.90

3 y 3.9
HC - K %g =0aty=0 allt 3.91
C = Co at t = 0 all y 3.92

The equations 3.89 to 3.92 are rewritten to obtain a more

convenient form by substituting:

_y
cp_L 3-93
The equations then are
a2c 3C ac
oy
oC _opc =0 0 11 t |
3% - = P = a . 3.95
C _oac=0 =1 allt 3.96
5 = = )
C =0C, t=0 all ¢ 3.97
-2
where o= 9%— - 3.98

After taking the LaPlace transform with respect to time and
defining C(®,8) as the LaPlace transform of C(g,t) the
equation becomes:

2. [

3 .
g;g-- 2A g% - (a8C - C,) =0 3.99

and the transformed boundary conditions become:

aC

ﬁ - 2AC =0 @ o all s 3'100
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ac L
3% - 2AC =0 ] 1 all s 3.101

Cc

é=-é9- " =0 alle : 3.102

The solution of the transformed ordinary second order

differential- equation 3.94 is given by:

C = e-Am [ B" coshy A2 + as @ 4 D" sinh ¥ Aé + as @ ]

3.103
where B" and D" are two constants. The constants are

evaluated by using 3.100 and 3.101:

2 -
_ A s8inh 4A¢ + as — e A ]

2
cosh YA + as
2ACo [ VAQ + as 3.104

Bll =
2
et sinh JAQ + as
VA2 + as
/ 2
2A200 [ e _ cosh /A2 + as + _A_Ki_ﬁi sinh VA® + as ]
D" = ‘
) :
G sinh VAZ? + as . 3.105

The transform C of C 18 therefore given by:

. C
o
C=%5 | .
_ 2 s > _ -A '
+2AC e A® [ cosh YAS+as -A sinh YAS+as -e ] cosh ,A2+as @

a82 sinh JA2+as
V VA2+as

. J 2
2A2Coe-A¢ e-A--cosh.«/Az-tas-l—'—&-%EE sinh

g2 o
as? sinh YA2+as

Va2 |
+as]sinh,VA2+as v]

3.106
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The steady state part of the solution of the equation 3.106
is obtained by finding the residue at the double pole 8 = 0O
and is given by:

- 2A9
C(CP cn) _'.2£9_e___ 3.107
3 - .
. eaA -1

The transient part of the solution is obtained by finding

the residues at the simple poles given by:
sinh YA2 + as = 0 3.108
Zeros of this are given by the relatlion:

A2 4 as = inm 3.109

and the transient part of the solution then becomes:

B o Aemanet
-A - R E—
C(w,t) = bacg,e " s [14 (1) e ] e °
n=1 (n n° 4 A )
x (cos nme + H%.sin nme) 3.110

The total solution is therefore given by:

Ao © ’
2ACqe _A 12,2 i
C(9,8) = 25— + bAC e '? 5 [1+ (-1)" e A]
e2h - 1 o2y (nPn24a2)2
_n2n2‘+A2 &
X e ¢ (cos nne + é% sin nno) 3.111

Concentration at @ = 1 (bottom) and ¢ = O (top) are obtained

from the equation by substitution and are:
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2AC e

e2A -1

c(1,t) =

2 2 _
+ bac el z n [1 (-1)P A
— 2
n=1 (A +n

] (-1)" N

2

| . 2ACo = 2,2 n+l -Aq. @
C(0,t) =—C_ 4 4AC, z ZRLI [1+ (-1) ]e
e -1 n=1 (A" +nm

3.113
This solutlon was first obtalned in thermal diffusion
by Bardeen (2) by using the method of separation of variables,

but later Von Halle (66) obtained it by the Laplace Transform.

Therefore, the separation factor f at time t is given by:

e o)
5w

1,t
o,t

Qo

2,.2
oA ﬂ_ig_ﬂgt

et 4 2ot (e -l)z 2n2+ AZ)2 [1-}( l)rH1 A]( l) e

n-l (n
5 ) 2.2 1 . A2+n2n2
1+2(e°? 1) E;- T [1-+(-1)n+ e A ]e .
=1 (A"+n"m

3.114
It was mentioned before that equation 3.88 can be used to
predict and to interpret contvinuéus-flow column data.
Similarly equation 3.114 describes the transient column
behavior and can be used to predict and to in;cerpret the
transient experimental data obtained by batch operation of

the column. These ‘equations have been derived by taking into
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consideration the factors such as flow rate, mobility,
temperature difference, field strength.and viscosity of
solution. The next section discusses the computational
results of this development in order to indicate the trends
expected for the operation of a center-fed coﬁtinuous-flow

electrophoresis column.

Discussion of Theoretical Results

To demonstrate the implications of the mathematical
theory developed so far, for the case of continuous-flow
electrophoresis Column, theoretical calculations were made
.using a 1410 Foftran computer. Theoretical velocity profilés,
temperature distributions and separation factors as functions
of column flow rate were caiculated at various conditions
approximating those used later in the expérimental work.
Calculations were doné both with and without the heat
generation term. The values of the column parameters used

in these computations are given in Table 3.1.

Velocity Distribution, v(x)
. The veloclity profiles were calculated at various

valueS‘bf E, AT and membrane spacing. Figures 3-6 and 3-7

| éhdw calculated velocity distributions at two E values of
0.0423 and 0.423 volts/cm., respectively at constant AT of
8.5°C and a constant membrane spacing of 0.3018 cm. When
heat generation is taken into consideration, the veloclty at
Xx = 0 is not zero but slightly different. The velocity |
profile curve 1s therefore shifted from the 6rigin, but this



TABLE 3.1

Column Parameters Used for Theoretical Computations

B ke Mmoo
8.5 0.0423 8.6 0.3018 T1
8.5 0.141 8.6 0.3018 T2
8.5 0.282 8.6 0.3018 T3
8.5 0.423 8.6 0.3018 T4
16 0.282 8.6 0.3018 5
16 0.423 8.6 0.3018 T6
0 0.282 8.6 0.3018 7
0 0.423 8.6 0.3018 T8
8.5 0.282 8.6 0.1354 9
0 0.282 8.6 0.1350 710
8.5 10.98 6.0 ) T11

.1354
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VELOCITY= CM/SEC —=
1
o
o

TOTAL VELOCITY\ -
VELOCITY DUE TO 10-6
CONCENTRATION
GRADIENT .
VELOCITY DUE TO 0.
AT \
0.2
Win cm:
N 005 010 0I5
0l5 0I0 005
SPACING ——=—
0.2
0.4
0.6 \
0.8

VELOCITY PROFILES AT AT=8.5°C and E=0.423 volt/cm
| (HEAT GENERATION NEGLECTED)

FIGURE 3-7



100
cannot be seen in Figures 3-6 and 3-7 since the change in
velocity is very small [v(x) at x = O changes by 10~2 cm./sec.
at E = 0.423 volts/cm.). .

At chh higher #alues of Q, corresponding to very
small column volumes operating at rather.high E (say 50
bolts/cm. field strength), the effect would be more

pronpunced.

Temperature Distribution as a Function of x

The equation 3.41 étates that T is quadratic in x.
For the small Q, appropriate to these caléulations, the
effect on T was found to be negligible (less than 0.001°C)

and the temperature distribution was-linear.

Column Constants and Separation Factors

The values of constants H and K-and their component
parts calculated from the theory are 1listed in Table 3.2.
Frbm Table 3.2 it will be seen that at the lower value of
field strength (0.0423 volt/em.), Hpg, the contribution to
total H because of both AT and E, is 1.6812 gm./min. while
HE’ the contribution due to E alone, is 4,23 gm./min. Thus
- Hpp amounts to about 28 percent of the total H. On the other
hand, the contribution to K of Kp + Kpg, the combined effect
of both AT and E, is about 40 percent (Table 3.2).

Using these H and K values, curves were prepared for
different conditions of column operatlion and are 1llustrated
by Figures 3-8 and 3-9. These figures show the expected

trend of results obtalnable from an electrophoresis column.
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TABLE 3.2

Values of Various K Constants
and H Constants

Hyp Hy H Ko Kag Kop | K Kng Kg K
Set gm. gm. gm. gm.-cm. gm.-cm. gm.-cm. gm.-Cm, gm.-cm.’ gm.-Cm. gm.-Cm.
No. min. min. min. min. min. min. min. min. min. min.
T1T 1.681 4,229 5,91 small -0.005 1259.3 -0.0126 6335 7967 14300

-0.0058 1259

T2 5.604 46,986 52.59 small -0.0058 1259,3 -0.468 21110 88520 109600
T3 11.211 187.94% 199,15 small -0.2233 1259.,3 -3.750 42230 354000 396300
T4 16.811 422.87 439.70 small -0.5025 1259.3 -12.63 63350 796700 860000
TS5 36.491 165.211 201.70 small -1.482 14986 -6.39 135700 307100 442800
T™6 54.74 371.81 426.50 Bmall -3.177 14984 -21.57 203500 691100 894700
™7 0 219.11 219.66 small - ——— -—— -—— 420211 . 420211
™ 0 hoh,2 494,20 small - -——- --- -—- 45469  gU5U469
T9 0.454 3.416 3.870 small -——- 4,62 -0.0055 69.31 260.7 330.00
T10 O 3.992 3.992 small - -——— -——— - © 309.43 309.43
T11 0.0532 0.0464 0.0997 small ———— 4,62 -0.7x 10-5 8.056 3.5111 11.56

1ot
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As in therﬁal diffusion, it will be seen that separation
decreases with increasing flow rate and membrane spacing, and
increases with an increase in the field strength. However,
in the present case, the separation decreases with increasing
temperature difference. 1In electrophoresis, the H is'
theoretically proportional to AT while K 1s proportional to
AT2. For a given field strength therefore, A = C'g%.) is
inversely prbportional to AT, 1.e. it decreases with an
increase in AT. Since A occurs exponentially in the
expression for the separation factors, decreased value of A
with increase in AT gives lbwer values of separation factors.

| In Figufe 3-10, calculated separation factors as
function of flow rate are presented to show the predicted
trend with regard to the relative effectiveness of the field
strepgth and the temperature difference. The curve labelled
I represents the effect of the product of AT and E (the
interaction term); the curve labelled II represents the
effect of E alone while the curve labelled III shows the
combined effect of both E and the interaction term. 1In
Figufe 3-10, the curves I and II are not added arithmetically
to get the éurve III représenting the combined effect of AT
and E.  This 1s because although the column constants H and
K are obtained by addltion of the individual separate
contributions, they affect the separation factor values
through exponential function such as Cg/Cp = o HL/2K for
steady state batch operation where in the total H and K

appear as an exponent of e. A comparison of these sepafétion

-
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factors shows that the effect of interaction term is
considerable at very low rates and drops off rapidly with
increase in flow rate. The effect of the field strength 1is
more uniform over a wide range of flow rates., By a comparison
of H values in Table 3.2, it 1is seen that at low values of E
the interaction term is about 28% of the total H values. It
therefore seems that the thermal field would be of help at
small fiéld strengths and flow rates. Atvhigh E and flow
rate values the contribution due to small temperature

differences appears to be insignificant.

Summary
In this Chapter, the method developed by Furry, Jones

and Onsager (18) to explain the behavior of a conventional
thermogravitational thermal diffusion column has been applied
to describe phenomenologically the operation of a center-fed
thermoelectrogravitational electrophoresis column. Equations
have been established for a system in which one component is
mobile and the other is at its 1soelectric point.

The effect of both the temperature difference and the
concentration gradieht (brought about by horizontal migration)
on the convective flow pattern have been considered. It has
been shown theoretically that fof low values of Q, the
velocity and temperature distribution are mostly unaffected
by the generation of heat due to the passage of electrical
current through the solution. |

Separation factors for the steady state operation of
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a center-fed electrophoresis column with equal product flow

rates from the top and the bottom are given by the relation:

GO G

i )
T aGeg)

(e +5)(-5)

which can be used to predict column behavior and to interpret

la

3.88

column data. The solution for the transient behavior of the

column without flow was also obtalned and is given by:

C
£ =g
T
' 2,22
2A © A4n°m
2AC e 2 n | ——t
0 A n : n+l -A [+
+4AC e 1) |14 (-1)" e e
g—g—e R ° n; (22 + n2n2)2 [ ( ]
- _A2+n2n2t
2AC, nen® n+l -A «
+ bac, 5555 [14»(—1) e ] e
e?A _3 n=1 (A +n“n°) 3114

whichAcan be used to predict transient behavior of the column
and also to interpret the data obtained from a batch column.
Theoretical calculations for the velocity profiles,
temperature distribution, and separation factdrs have been
made and presented as functions of flow rate with AT, E, 2w,

U as variables and the expected trend of results given.



CHAPTER IV

EXPERIMENTAL INVESTIGATION

Continuous-Flow Thermoelectrogravitational

Electrophoresis Column

In Chapter III, a theory wés developéd_using the
Furry, Jones and Onsager (18) procedure to describe the
performance of continuous-flow electrophoresis.column. It
was also shown there how the transport equation obtained for
batch case could be utilized to obtain a mathematical
relationship to describe the tfansient behavior of the
electrophoresis column which enables the column operation to
be studied under conditions of no flow. The present chapter
is devoted to the detailed description of a continuous-flow
electrophoresis column and auxiliary equipment used to oﬁtain
the expefimental data necessary to test this theory. Before
detalls of the column construction are described, some
qualitative aspects of the column operation and the problems
in its construction will be considered. .

Since the column is to be operated continuously, some
provision for continuous feed and product removal must be
made. The location of feed and product streams depends upon
the nature of the components or more precisely, their

108
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mobilities. Observation of Figure U4-1 makes it clear that
there are four positions at the ends of the column, at which
the products can be withdrawn. The feed location should in
_principle be such that the feed is introduced into the column
at a point where the concentration of the feed 18 approximately
the same as that of the solution in the column aﬁ this point.
This is more or less impractical in the case of dilute
solutions because the column concentratioh is not symmetrical
(Figure U4-1) about the midpoint of the column. The point at
which the solution concentration equals that of the feed will
" not be at y = O (center of column) but at some other point

in the column which cannot be precisely prelocated. (This
point can roughly be 1ocated'théoretiqa11y. However, its
exactness cannot be guaranteed becausé of the approximate
character of the theoretical development.) 'Therefofe, the
column 1is fed at the center even though this 1s not exactly .
correct procedure because it facilitates the column
construction.

The actual location of the feed points and the product
points will be determined by the mobility behavior of the
componehts to be separéted. Consider a system in which two
components A and B are to be separated. Iet ﬁA and UB be
their mobllities. Depending upon the magnitude of Uy and Uy
either component will be proportionately more in concentration
at one end and the other at the other end. The side of the
éolhmn on which the feed will be introduced should be chosen

to obtain maximum separation. Different cases will have to
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P - Locotion for product withdrawal
F ~ Location for feed into the column

1

POSSIBLE FEED AND PRODUCT STREAM LOCATIONS

FIGURE 4-!
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be considered.

Case 1:

Case 2:

Case 3:

Assume that Uy >> Uy and that Uy and Uy are of the
same s8ign such that both A and B move towards the
anode. Now if A 1s the component desired to be
separated, then it passes toward the anode (chosen

as the cold wall) and sinks to the bottom. Since Uy
is very small compared with UA, component B will not
concentrate appreciably towards the anode (cold wall).
The material diluted in A will move upward in the
cathode or hot section of the column while the
material concentrated in A moves downwards in the
anode or cold section. Therefore, it wlll be
advantageous to feed fresh solution on the anode or
cold side while removing the products onAthe anode
or cold side at the bottom (right) and on the cathode
or hot side at the top (left) as shown in Figure 4-1b.
Assume that UA >> Ug but that the special case when
Ug = O exists. The same reésoning as in case 1
applies and therefore the same arrangement'of feed
and product withdrawal would be appropriate.

Assume UA and UB are of opposite sign. Suppose A
moves towards ‘the anode or told wall and B towards.
the cathode or hot wall. In this case a Jjudicious
choice of feed point will depend upon. the éomponent
which is most desired after separation. If A were
required, the feed point should be on the cathode

side so that A moves towards the anode while B moves
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to the cathode side and the
anode side 1is not disturbed
other hand, it is B that is
should be on the anode side

of B on the cathode side is

composition of A on the
by the feed. If, on the
desired then the feed

so that the composition

not affected (Figure 4-lc).

In practice, therefore, the feed will be introduced
into the column at the center, and either on the anode or
cathode side depending upon the relative mobillities of tﬁe
components.

In addition to the location of the feed and product
positions in the column, there are engineering problems of
construction of the column. Thé various aspects that need be
considered are: (1) Materials of construction, (2) Electrode

reactions, (3) Convective back-mixing, and (4) Heat generation

and its effects.

- Materials of Construction

Since an electric field is to be applied, the cell
-1tself and the components in the vicinity of the solution to
be fractionated and the background buffer solutions should
be good insulators. The Plexiglass 1s a good material for
this purpose since it is a good electfical insulator, hés
suitable strength, 1is inert to action by many chemicals and
can be easily machined.

The'porous membranes should offer at least two
semipermeability and sufficient mechanical

properties:

strength. The semipermeable membrane must be such that it
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allows only small bulk flow through its pores, gives low
electrostatic effects and low voltage drop. It should have
a minimum electro-osmotic effect. In the initial stages of
the'present experimental work, several types of cellophane
membranes were tried, but only the cellulose dialysis membrane
supplied by Viscose Raybn Corporation, Chicago, proved to be
useful. Flexolith filters were used as strong background

support for the membranes.

Electrode Reactions
" During an electrophoresis experiment, electrolysis

1é-also taking place at the electrode. 1If this is excessive
and the gases'formed'are not remcved they will accumulate and
transmit their influence through the porous membranes, thereby
disturbing the laminar convection in the solution separation
space of the column. Therefore, provision ﬁustAbe made to
'tremqve the electrolysis products efficiently. The generation
of gas within the solution space will be higher if the buffers
in the electrical compartment are static. In the apparatus
to be described, the effect of gas generation within the
solution space was negligible. Howgver gas generated 1ﬁ the
buffer compartments was removed by suitable venting
afrangement.

-©  The electrodes themselves are very important becaﬁse
their frequent replacement after corrosion would be cumbérsome.

Although alloys such as Hastelloy C and'Terrelloy are

satisfactory as anode mgterial, platinized titanium available
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from Englehard Limited, Newark, N.J. 1s more suitable because
it is corrosion résistant and can stand electrode reactions

very well.

Convective Flow iﬁ the Cell
In order to obtain as large a separation as possible
the fluid flow in the cell should be laminar, and the effects
of back-mixing should be avolded. However, increased
separations have been reported in thermal diffusion (84)

under conditions of turbulance.

Heat Generation

Dgring the process of electrophoresis, heat 1is
generated»in‘the cell, and this will increaée the temperature.
of the solution. If the temperature rises too high, some
substances such as proteins may spbil. The_heat generated
would cause uneven temperature gradients and disturb the
laminar convection. The heat must be removed by maintaining
the sides of the cell at sufficliently low temperatures. This
would allow heat to be transferred out of the celi, thus
stabilizing the laminar convéction in the cell and keeping
the temperature of the solution-anywhere in the separation
space of the column low enough to avoid the spollage of the
protein material.

On the basis of this qualitative information, the
thermoelectrogravitational electrophoresis column used in the
ipresent investigation will now be described.

The electrophoresis column was a parallel memb rane
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device (Figure 4-2). The working space between the membranes
was about 4 inches wide and 58 inches long. Because the
product and sample ports were not quite at the ends of the
work;ng space of the column, the effective length was
actually less than 58 inches and measured 145 cm. between
the top product sample port and the bottom product sample
port. The spacings of 0.3018 cm. and 0.1354 cm. were obtained
by using two different plastic spacers of appropriate .
thickness between the two membranes.

. The working space between the membranes is illustrated
in Figure 4-3. The membrane material was not available in
. plane sheet form of required size and therefore, the membranes
were prepared by cutting Visking Cellulose diaiysis tubing
and spreadingvit in rectangular sheet fashion. The original
tubing was obtained from Viscose Corporation, Chicago,
'I1linois and was 3 1/4 inches in diameter. Overall dimensions
of these membranes were kept at 8 inches by 63 inches,
somewhat larger than required, in order to fix them more
easlly into the cell. The function of these membranes is to
prevent the protein.component from passing through them and
to reduce the bulk flow between the separation space of the
cell and the buffer compartments behind the membranes. Their
pore size must allow only buffer salt ions to pass through,
so that the pH in the separation spéce i1s maintalined constant
by flow of ions through the membranes, as well as the action
" of the buffering compound itself.’ '

Since the membranes are not particularly mechanically
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strong and quite large flow rates of cooling buffers might
be required, these membranes were supported by mechanically
strong Flexolith filter plates obtained from Wilhem Schuler,
filtertechnik, Germany. The pores of these were of macro_:
size and buffer solution as well as proteins could flow
through them. Therefore they themselves could not be employed
as semipermeable membranes. As a result the cellulose |
membranes were always in contact with the background buffer.
The Flexolith filter plates were each 3 mm. in thickness, 20
inches long and 6 inches wide in size. They were fixed to
the plexiglass frame of the‘buffer compartment using screws
so that they could be'removed easily if necessary (see Figure
4_-4). There was small open space between individual pieces
of Flexolith so that ailr trapped between the membrane and
Flequith plate would be removed when the cell was first
filled with solution. Two copper-constantan thermocouples
were fixed on the face of each of the Flexolith plates behind
the cellulose membrane (Figure 4-5a) midway at a distance of-
about 60 cm. from the center of the célumn. Two bare chromel
wires were also fixed to the Flexolith at two points also
midway but at a distance of 30 cm. from the center of the .
column on each side to experimentally measure the electric
| potential_(F?gure 4-.5p). Thermocouple voltages were measured
on a Leeds and Northrup Portable potentiometer (No 8662) and
the voltages converted to temperatures through the use of
standard conversion tables. The potentiometer could be read

to 0.001 millivolts, which corresponds to approximately
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+ 0.4°F. The reference junction was maintained constant at
32°F by use of cru;hed ice and water in a thermos bottle.

Voltage and temperature differences at various
experimental conditions were first measured without spacers
so that the two membranes were in contact with each other,
'Small differences were found, but they were subtracted from
the values obtained during the experiments in order to obtain
the voltage and temperature differences across Jjust the
solutiqn spacefWhen spacers were inserted and there was
solution 15 between the membranes. The attachment of the
thermocouples and voltage probes to the Fléiolith filters is
illustrated by Figure 4-5.

A temperature gradient across thé separation space
was maintained by allowing buffer solution at two different
temperatures to flow past the Flexolith filteré. The
membranes were fixed to the plexiglass buffer compartments
in front of the Flexolith plates. The Flexolith forms one
side of each buffer flow compartment while the other side was
formed by the Plexiglass cover plate. Each buffer compartment
was one and a half inches wide, while the cover plate was one
inch thick. The components of one half of the column are
~ shown in Figure 4-6. The entire assembly was held together
by 1/4 inch diameter by 8 1/2 inch long stainless steel bolts,
32 National Fine threads spaced every three 1nches around the
periphery of the column. Each cover plate was supported by
a 1/8 inch thick stainless steel frame to give sufficient

rigidity to the cell assembly. These bolts are omitted in
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all diagrams for clarity, but are clearly visible in Figure
4-2. The cover plate was sealed to the buffer compartment
along the periphery by a nylon-filled neoprene gasket, 0.015
inch thick supplied by Industrial Gaskets, Oklahoma City.

A cross section of the assembled electrophoresis
coiumn is shown in Figure 4-7. The column was supported by
a metal stand and was fixed to the wall in a vertical
position. A view of the electrdphoresis column placed in
position is shown in Figure U4-2 already referred to.

The essential layout of the gravity flow and product
draw off system is presented in Figure 4-8. All material in
contact with the working fluid (protein in buffered solution)
or the buffer solution was either cellulose, stainless steel
insulated with an acrilon spray, Impolene, Teflon, Plexiglass,
polyethylene or Penton (poly-propylene).

. The feed was stéred in a 5 gallon capacity
polyethylene jar about 13 feet above floor level. A sight
glass indicated.the liquid level in the Jar. This Jar was
placed in a rectangular tank filled with water at about 4L°c
and cooled by a small Freon refrigeration unit:. The solution
had to be cooled in order to avoid its denaturation on
standing. The Jjar was connected to an autlet valve.through
the wall of the Plexiglass tank. Feed solution was added to
the Jjar manually whenever required. 5 to 10 runs at low flow
rates (up to 5 to 6 gm./min.) could be made without refilling
the feed storage Jar.

Since it was desirable to admit the feed to the cell
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at the cold membrane, the feed which gets warmed'up while
.flowing through tubing was again precooled to about the same
ﬁemperature by passing it through a small stainless steel
coil immersed in an ice bath before it entered the column
proper.

Each feed entry and product removal connection was
of special construction and supported by a Plexiglass base.
The connections were a header made of rectangular 5/16
1hches x 1/16 inch stainless steel tubing welded to feed and
product 1lines of 1/4 inch diameter stainless steel tubing.

A sketch of a feed or product connection is given in Figure
4_9. Each header had about 32 holes, each 3/64 inch in
diameter, drilled horizontally on one side of the rectangular
tubing fixed in a Plexiglass base. These holes allowed
uniform flow of feed or products over the entire width of
the electrophoresis column. The products collected through
the holes traveled through the 1/4 inch diameter stainless
steel tubing to rotameters. This arrangement is shown in
Figure 4-8 presented a little earlier in this section. The
rectangular tubing as well as thelr connecting tubing were
sprayed with acrilon insulating material in 3 of more layers
to insulate them electrically.

The method of attaching the Flexolith plates and the
membranes to the face of the buffer compartment frame has
already been shown in Figure 4-4. The pieces of Flexolith
were fixed to the Plexiglass compartment by stainless‘gteel

screws in between the three positions for the feed .and the
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product collectors. The Flexolith extended into the
Plexiglass face of the compartment about 3/4 inch around the
inside periphery of the buffer compartment. The remaining
11/4 inch width around the face of the compartment contained
the outer Plexiglass spacer and a sponge neoprene gasket
about 1/4 inch in width. | |
| The attachment of the membraﬁes to the buffer

compartment frame. together with the feed or product
connections is shown in Figure 4-10. The réctangular
stainless steel header was fixed into a groove in a'plastic
base; Behind the plastic base around the 1/4 inch diameter
connector tube was an "0" ring of 1/4 inch diameter. The
membrane was laid over ﬁhe Flexolith and the required openlings
for the connector tubes located by using spare plastic bases
and then the holes were punched. The connector tubes were
inserted through the holes and then another "0" ring was slid
‘around the connector tube behind the membrane. The plastic
base with its connector tube was then fitted into the plastic
-seat on the buffer gasket frame. A small amount of epoxy
resin mixed with an appropriate quantity of-activator
(obtained from Armstrong Co., Warsaw, Indiana), was applied
around the "O0" rings. About 2 1/2 inches of the rear of
connector tube was threaded (1/4 inch N.F.) and all/u inch
nut tightened from behind the plastic seat. This arrangement
gave a very good seal and solved earlier difficulties
encountered in attaching the membrane to the frame of the

buffer compartmenﬁ.



129

PLASTIC SEAT IN PLEX)GLASS
FRAME OF COMPARTMENT

"0" RINGS TO SANDWICH
_ THE MEMBRANE
CELLULOSE S.S. NUT
MEMBRANE\

& 0.. SAMPLE NEEDLE SUPPORTER

S.S. TUBE HEADER 1's.s. TUBE
XIGLAS S < A“
:léf\os:?_ ABASE ////// = ‘ A —
N -

\-EPOXY CEMENT

FIXATION OF MEMBRANE IN THE PLASTIC SUPPORT

FIGURE 4-10



130

Once thé two buffer compartments were ready, a spacer
and another plastic frame defining the working space in the
cell were placed on the membréne. The sponge gasket slightly
less than 1/4 inch in width and about 5 times atc thick as the
plastic spacer to be used was then placed between the spacer
and the plastic frame defining the working space. This
arrangement is shown in Figure 4—11. The inner dimensions
‘of the gasket were cut approximately two percent-smaller than
the outer dimensions of the spacer frame in order to insure
a good fit around the framework. When cut and ready for
installation,; the gasket was approximately 1/4 inch in width
and, when placed in positioh, fitted in between the inner |
spacer frame and another outer spacer placed around the bolts
with a 1little clearance space on the side of bolts. The
gasket material acquired a permanent set when compressed
between the membranes for a period of time. As a result, it
was necéssary to cut a new gasket each time the column was .
assembled.

The above method of sealiﬁg the workihg volume ahd
defining the plate spacing was utilized for'all.the
experimental runs. This method of using the gasket as stated
by Fleming (17) avoids the disadvantage of "gasket creep". 
Reproduéing the spacing between the membranes was not,
therefore, a probiem. The other compartment was then inverted
and placed on the spacer and the holes fbr the stainless
steel bolts carefully aligned. Tﬁé two pérts}of ﬁhe column

were then tightened together. Further alignment of the two
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parts was necessary during the tightening process. The
Neoprene sponge gasket material wés very satlsfactory for
prevéhting leaks at the periphery of the cell. However, some
leakage could occur initially around the feed and product
lines. This was eliminated by adding epoxy at those positions
when the column was assembled.

The inner dimensions of the plastic spacer frame
defined the working volume and were held constant during
eight sets of data at a width of 10.2 cm., a length of 145
cm. and a thickness (membrane spacing) of 0.3018 cm. 1In the
other three sets of data the dimensions were width 10.2 cm.,
length 145 cm. and thickness 0.1354 cm. (Figure 4-11).

The products from the coiumn flowed through small
stainless steel coils cooled by ice water. During the
experimental runs samples were withdrawn from the apparatus
by 5 inch long 22 gage stainless steel hypodermi¢ needles
which could slide througﬁ a 1/16 inch diameter stainless
steel protecting tube fixed to the front side of the
rectangular tubing through the cdnnecting tube (Figure 4-9).
The sampling needle could be removed or inserted at will for
cleaning when not experimenting but femained’in position
during the experiment. The needles extended all the way into:
the column so that sampling lag was eliminated and the samples
were available directly from the wérking volume. This
permitted transient batch studies of the column behavior.

A sketch of the sampling arrangement is shown in Figure 4-12,

All the leads for thermocouples, power supply and
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voltage probes as well as the sample taps were taken out
through the buffer compartment cover plate and required
sealing. The arrangement for this is shown in Figure 4-13.

The product flow rates were indicated on two banks
of Fischer and Porter Flowrators with sapphire ball floafs
and Stainless gsteel fittings. The range covered by these
rotameters was about 0.02 to 200 gm. per minute. The product
flow rates were controlled at high rates (greatep than one
gm. per minute) by 1/4 inch needle valves (Avaco series 1050).
At low flow rates (less than one gm. per minute) the needle
valves did not control the flow accurately. Various lengths
of 1/16 inch diameter stainless steel tubing were placed in
series with the product 1line to obtain steady flow at low
rates (see Boyer (7)). | .

The flow diagram for the hot and cold circulating
buffer solution systems which hold pH constant maintained a
temperature differehce across the thermoelectrogravitational
electrophorésis column is shown in Figure 4-14. Hot and
cold buffer flow rates from 1 to 2 gallons per minute were
maintained for aii tests. Such high rates of buffer past
the membranes Qere possible because of the supporting
Flexolith plates. }These high rates of buffer maintained
constant pH for four experiments (about four days) with the
same solutions. When there was appreciable change in pH 6f
'the solutions, fresh buffer solutions were prepared before
taking the next run. These flows also limited the vertical

‘temperature change of either the hot or cold buffer through
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the buffer compartments to less than 1°F. The column was
operated below room temperature to prevent the protein system
from spoiling.

Elevated cold buffer solution storage tanks were
uninsulated 55 gdllon polyethylene tanks supplied by Cole
Parmer Co., Chicago. The solutions in the surge tanks were
stirred constantly by 1/4 H.P. stainless steel stirrers
obtained from Patterson Foundry Co., East Liverpool, Ohio.
Each tank was provided with a refrigeration coil of stainless
steel with approximately 15 sq. ft. of surface area and
another stainless steel heating coil of about 5 sq. ft. area.
Saturated steam passed into the heating coils. The
refrigeration units were 1 ton capacity for each tank. A
view of hot and cold circulating buffer tanks together with
the:refrigeration units is shown in figure 4_15. The hot and
cold buffers were dirgulated through the system by means of
1/2 Horse power Penton pumps (Chemtrol Corporation Co.,
California).

The steam passing into the steam coil was regulated
- by Honeywell alr operated diaphragm valves. These valves
were actuated by Brown circular chart Electronnik temperature
recorder controllers. Thermocouples (Brown type T, copper-
constantan) located in the pump section supplied the input
signals to the controllers. Temperature variations were
always less than 0.5°F.

o The buffer flow was controlled by Penton bypass
. valves (Vvanton Pump Co., Hillside, N.J.). All the main lines
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in the buffer systems were of nominal 1 1/2 inch diameter,
extra heavy polyvinyl pipe and threaded fittings were
employed. The lines were not covered with insulation. The
piping was connected to the column through semiflexible
impolene- plastic tubing to avoid any vibrational effect on
the column itself. Thermometers installed in all buffer
solution lines entering and leaving the column were used to
check the temperature shown by the controllers. The buffer
storage tanks were connected directly to the buffer
compartments of the cell and the solutions were pumped from
the cell to the tank to avoid pump preésure on the membranes.
The level of the bﬁffer solution in each tank was maintained
to the same height so that equal hydrostatic pressure was
exerted on the two membranes. The feed Jar was at a higher
level than the storage tanks so that the membraﬁeg were
pressed towards their supporting Flexolith plates. Where
possible, instruments were centralized on a control panel
shown in Figure 4-16.

The direct éurrent.field was applied across the
membranes by means of two platinized titanium plates each of
0.016 inch thickness situated in the buffer Jackets.coextensive
to the membranes. The lead wires of copper were attached as
shown in Figure 4-17. The direct current was supplied by an
electronic D.C. power supply procured from Harison
Laboratories, Berkley Heights, N.J. capable of producing 36
volts at 5 amperes. Low voltages had to be used in these

experiments because at currents more than about 2.5 amperes,
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there was excesslive foaming. The current through the circuit
was measured by a calibrated ammeter while the voltage across
the membranes was indicated by voltmeters and measured by the

precision potentiometer, (Leeds Northrup).

Experimental Procedure

In experimental runs with the continuous flow'
thermogravitational electrophoresis column, the steady state
separation factor was obtaineé as a function of flow rate.
The temperature difference, membrane spacing, pH of the
solution and electric field strength were treated as
parameters. A set of runs consisted of product compositions‘
measured as a function of flow rate for a fixed grouping of
the various parameters. New membranes had to be installed
each time the column was taken apart. The buffer compartments
were always kept full of buffef solutions so that the
membranes remained wet. A small amount (about 3'to 5 gm.)
of benzoic acid was added to the buffer solution (50 gallons)
to prevent bacteria from attacking the cellulose membranes.
Membrane spacing was adjusted by means of the Plexiélass
spacers of different thicknesges. Very low spacing could
not be.employéd because Plexiglass matefial iﬁAvery low
thicknesses was not avéilable and metallic material such as
stainless steel was considered unsuitable for spacer. The
membrane spacing was measured by the special technique
developed by Boyer (7) for thermal diffusion studies. For

this purpose pairs of aluminum pegs were attached adjacent
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to each other on the edge of the hot and cold buffer
compartments as shown in Figure 4-18. The column was bolted
together without spacers in place and the distance between a
pair of pegs was determined by a micrometer, reading to one
thousandth of an inch. The column was then taken apart and
reassembled with a spacer in place and another reading taken
between the same pair of pegs. The membrane spacing at that
point was the difference between the pairs of readings.
Twelve pairs of pegs .were spaced around the edge of the
column, and the gverage of'all measured points was reported
as the membrané spacing for a run. This method of membrane
spacing determination could not be checked with the volumetric
method described by Powers (48) because of the porous
membranes required for this column.

Prior to taking a set of data, the column was
assembled with whatever spacer (approximate membrane spacing)
was to be investigated using a torque wrench to tighten all
bblts to 150 lb, torque.v The éssembled column was placed in
position and;connected to the pipe lines. It was filled with
distilled water and allowéd to stand for at least a day to
wash residual glycerine from the membranes. It was then
emptied through the bottom and filled with buffer solution,
and the hét and cold buffer systems started and brought to
their selected temperatures. The mean column temperature
level was taken as the integrated average temperature
(Equation 3-44). Thié was not much different from the mean

‘arithmetic temperature obtained from the temperatures
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indicated by the hot and cold buffer temperature controller
recorders.

The cold buffer temperature in all experiments was
maintained at approximately 4°C while the hot buffer
temperatures were maintained at about 4°C, 12.5°C and 16°C
as desired. No higher temperatures could be employed because

of the instabllity of the protein solution at or above room

temperature.

‘Laboratory Procedure
| The first test of any set of separatlion factors as a
function of flow rate was a transient batch test in order to
study the transient behavior of the column and incidentally
to‘determine the time required to reach the steady state
concentrations at the top and the bottom of the column. For
the transient run, the product lines were purged énd the feed
flow started. After about 15 minutes, the flows of hot and
cold buffers were started and the outlet valves on the product
lines were closed stopping the feed. About two hours were
allowed for the temperature field to establish and samples
from both top and bottom were collected. (The samples taken
at the beginning of each translient experiment never showed
any separation.) After first sampleé Qere taken, the power
supply was turned on and adJustedrto the desired value of E.
Samples were then collected from’the bottom and top of the
column at regular time intervals (about an hour long). A

particular transient run was stopped after a time equal to
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that required to reach steady state in a long transient run
carried out previously at low field strength. In subsequent
transient runs, each run was continued sufficiently longer
than their estimated time, to insure that steady state was
reached. The time required to reach steady state in a
transient run was then utilized as a guiding factor in
deciding the time for withdrawal of the first sample in a
flow run.

When a flow run was to be taken, the feed and product
flow lines were first purged and product flow ratesiset at
the desired values as indicated by rotameters. Actual flow
rates were calculated by weighing samples of about 5 to 25
1 grams taken over a measured time interval 1n the case of each
sample. -Flowlrate sample bottles were immersed in ice water
during collection of the samples to reduce the evaporation
loss of solvent water. Two product_samples, one from each
eﬁd of the column and each about 0.75 to 1 ml. in volume were
collected for the concentration determination. Before
collecting these samples, the saﬁpling needle was purged by
allowing ;ome solution to flow out of it.

The first sample of a flow run was collected after a
time interval equal to that required for the transient ruﬁ to
reach a steady state separation. Another sample was collected
one-half hour later andvconcentrations reported are averages
of these two feadings. This procedure was necessary because
the colorimetric methods used to analyze the solutions

quantitatively were not rapid enough to check for the steady
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state condition while the test was in progress.

Reagents and Analysis

A single component system, that of bovine albumin in
two different sultable buffer solutions, was employed to
obtain experimental data on the separation behavior of the
electrophoresis column. No isoelectric component was added
in order to simplify analysis of the samples from the
apparatus. Bovine albumin was selected for study because it
was avallable in sufficient purity and quantity from
Nutritional and Blochemical Corporation and also because its
properties such as mobllity and diffusivity were avallable
from the literature (85). It hasAa wide range of mobilities
and is therefore suitable for the study of the effect of pH
of the solution upon the transport. It was also comparatively
easy to analyze by a colorimetric method.

The bovine albumin material obtained was of 95%
purity and was further purified before its use in experimental
work. A solutlion of bovine albumin of concentration about 2
to 2.5 gm./100 ml. was prepared and centrifuged to remove
insoluble or dissolvéd material., It was then électrodialysed
at 4°C overnight and filtered again. The filtered material
contained a little hemoglobin but this was in negligible
amount (less than 6.05%). This solution was then stored at
h°c.

| Boric acid and borax buffer was used to obtain a

solution at pH 8.6 and phosphate'buffer was used to prepare

-®
-
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a solution of pH 6.0. 1In order to prepare the final buffered
solution of required pﬁ for use in experiments, the following
procedure was followed.

The concentration .of albumin in the unbuffered
"solution was determined by estimation of its nitrogen content
by KJeldahl procedure. The final buffered solutions to be
used in experiments were prepared by mixing together a
requiped amount of the unbuffered solution and the required
amounts of buffer compounds and then making up the
predetermined volume by addition of water. Solutions of the
same concentration eontaiﬁing 1l gm. per 100 ml. protein were
used in all experiments.

" To avoid denaturation of the protein in solution, the
pH was kept in the alkaline range. In addition, a smell
quantity of sodium merthiolate was used to prevent bacterial
attack and subsequent spollage of the solution. In order to
avoid formation of foam during electrophoresis and during the
preparation stage of the solution small amounts of antifoam
agent Silicone A were sprayed on the solution.

Buffering salts used in preparation of required
solution were of reagent quality. Physical properties such
as specific gravity and viscosity of solution were measured
by using a specific gravity bottle and Oswald viscometer
respectively. The electrieal conduct;vity was obtained by
using'a conductivity apparatus. All these data are listed
in Appendix C. The density coefficients ( g%-) used in the

calculations were those of water, and were calculated from
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the denslity data for the appropriate temperature levels. The
values of diffusivities and electrophoretic mobilities were
obtained from the literature (85) and were corrected for the
temperature and viscosity. These values are reported in
Appendix C.

The determination of bovine albumin in a sample was
done colorimetrically by the biuret method described by
Robinson et al. (53). A measured quantity (0.5 ml. of the
sample was placed into a 15 ml. graduéted centrifuge tube
and about 0.2 ml. of 10% trichloroacetic acid was added to
'the solution to precipltate the protein. Normally this
solution would be centrifuged and decanted, but this procedure
could not be followed here because of the small amount of
solution. The precipitate was allowed»to stand overnight,
and then dissolved in sodium hydroxide solution. The volume
of the solution was then increased to about 8.5 ml. and the
.8olution allowed to stand about two hours to dissolve any
protein spikes formed. Then, 0.2 ml. of 20 per cent copper
sulfate was added to develop the biuret pink color. The
volume was then brought carefully to 10 ml. by adding sodium
hydroxide solution and the solution was gently shaken to
insure thorough mixing and allowed to stand about 2 houré to
allow the color to develop fully. The solution was then
filtered through Whatman 42~filter paper, the first few drops
being discarded. The transmitivity and the absorption of the
solution were then determ&ned using a Beckman Du |

spectrophotometer at 560 p, the wave length of maximum
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absorption. The concentration of the sample was then obtained
by comparing the absorption obtained with that given by a
solution of known concentratiop. The concentration was

calculated by using the formula (3):
Cop = por - Mg+ 4.1

where Cgp = gm. of bovine albumin in sample solution in
gm./100 ml.
mg = concentration of bovine albumin in standard
solution, gm./100 ml.
V = volume of sample solution actually used in
biuret color production, ml.
Rg = optical density of the standard solution
Rgy = 2 - log t” where t° is the transmittance reading
of the unknown solution
Equal volumes of the unknown and the standard
solutions were taken for color production and both were
diluted to the same final volume. It was possible to determine

the concentrations by the method employed here within an

accuracy of about 1.5'per cent.

Results
The primary data resulting were concentrations at the
top and bottom of the column, or separation factors, as
functions of flow rates for a given temperature differenée,

membrane spacing, electric field strength and solution pH.
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These data are summarized in Appendix B. Transient data were
also obtained corresponding to each one of the flow data sets
and the results of these exﬁeriments are also presented in
Appendix B. -
. The other data obtained were the temperature of the
membranes, voltage difference, temperatures of the cold and
hot buffer solutions at entrance and exit of the cell,
1 témpefatures indicated by recorder-controllers, the room
temperature and the ice bath reference temperature. These

secondary data are not listed in this thesis.



CHAPTER V
DISCUSSION OF EXPERIMENTAL RESULTS

In Chapter III, the theoretical treatment of batch
thermogravitational columns originally proposed by Furry,
Jones and Onsager (18) and later applied to continuous-flow
thermogravitational columns by Jones and Furry (81) and later
by Powers (48) was extended to include the case of both batch
and continuous flow thermoelectrogravitational electrophoresis
column operation. Data obtained using the equipment and
procedure deécribed in Chapter IV provide a means to test
the. range of application of the theory proposed, and, if
possible, to explain deviations from the.theory.

The solution investigated in the continuous-flow
electrophoresis column was'a single mobile component dilute
solution of bovine albumin. This single component system was
chpsen for several reasons: (1) There are no data as yét
available on such systems using center-fed continuous-flow
electrophoresié column. (2) Considerable information is
available in literature on bovine albumin. (3) The solution
to the traqsport-equation is of a straightforward form. ‘
Experimental conditions were adjusted to satisfy the
assumptions under which the transport equation was derived.

152
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As'mentioned in Chapter IV, first a transient run was
taken for a group of the values of the parameters and then a
set of flow runs was carried out. An experimental "set" of
data was normally a seriles of steady state separation factors
(Cg/Cp) obtained as a function of flow rate (o) data taken
with the center-feed electrophoresis column, treating as
parameters the field strength (E), the temperature difference
(AT), the membrane spacing (2w) and the pH of the solution.
The experimental results are presented as (1) steady state
flow data and (2) transient and steady state batch data. It
was not possible to keep the temperature level T the same in
all experiments owing to the limited temperature range
available for the operation of the column. Column length
and physical system were never varied.

Detailed dataAfor all steady state continuous flow
‘runs are presented in Tables D.1l to D.ll of Appendix B. The
column parameters and the conditions of the experiment are
listed for each of the data sets. The flow pattern in all the
. sets of runs 1is diagrammed on Figure 5-1.
o Sets 1,2,3 and 4 were taken to study the effect of
varying the field strength with other variables kept constant
(.AT = 8.5°C, pH = 8.6, 2w = 0.3018 em.). In these sets the
effects of both AT and E were operative. Data sets 5 and 6
were taken at two -different Evvglues but at AT = 16°C to
étudy the effect of AT son the column oﬁeration.- In the data
sets 1 to 8, the spacing between the membranes was held

constant (0.3018 cm.). The data sets 9 and 10 were taken at



154

TOP
6 <— T
CT - I +
g CATHODE
P
//k’// ANODE
/ | /'/—
@ | y=0  FEEDIN
I 0?-'=Cﬁ'+0‘B
- o c
2 | < F
I
I
Og
I Le 'Ca
——{ewi—
BOTTOM

FLOW PATTERN USED IN EXPERIMENTAL SETS I[-II

FIGURE 5-1



155
a different membrane spacing (0.1354 em.) to study the effect
of variation in this parameter. pH in all the runs of data
sets D.1 to D.10 and D.1A to D.10A was maintained at 8.6.
Data set 11 was taken at the second spacing of 0.1354 ém. but
at a lower pH of 6.0 to have a lower mobility value.

In the case of each data set, a translent run as
described in Chaptér IV was taken. The results of these
transient runs for all of the data sets are listed in Tables
D.1A to D.11A of Appendix B. |

In Figure 5-2 are presented some~steady gstate
separation factor versus flow rate data to 1llustrate the
variations noted with different values of E. The sets of
data were all taken at the same'membrane spacing and |
tempefature difference. It 1s observed that there 18 no
quantiéative correspondeﬁce at all between theory and
experiment. However, there appears to be a functional
similarity betweep the experimental data and the theory as
seen from the similar Shape of the curves. Therefore, it
seems possible to correlate the experimental data by
introducing correction factors as was done by many
invesﬁigators for thermal diffusion columns. In what follows
therefore, the effect of varying the parameters such as flow
rate, temperature difference, membrane spacing and the
mobility of the component on the values of separation factors
realized in an experiment is discussed from two aspects,
namely qualitative functional correspondence and quantitative

correspondence.
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Qualitative Aspects of the Theory

The several assumptions that were'utilized in the
derivation of the equation 3.88 are summarized in Appendix E.
Many of these assumptions are reasonably valid when laminar
conditions exist in the column and when the temperature
difference, field strength and concentration change are not
very large. Experimental conditions were chosen to satisfy
these and other restrictions as far as possible. The
validity of the assumptions can only be evaluated by comparing
the theory with the results of experiments. In nc case would
complete correspondence be expected unless conditions such
as low fiow rate, low membrane spacing, low temperature
difference and low field strength are satisfied quite
accurately and unless the effects for parasitic remlixing are
properly évaluated. In view of these inherent difficulties
in the interpretation of the experimental data, they were
first used to test the general qualitative aspects of the
theoretical development. The quantitative aspects of the
agreement between theory and experiment are discuésed later

in the chapter.

Procedure for Comparison
As seen from Figure 5-2, it is evident that there 1is
no complete correspondence between theoretical separation
factors and the experimental values. At lower E values, the
difference between the two is small, but the difference

between theory and experiment is larger at larger values of
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the field strength. 1In general, the experimental values of
the separation factors are lower than the theoretical,
although there appears to be a qualitative functional
correspondence. The equation for the separation factors

developed in Chapter III,

e |
g (& T -5)(aa§) s 8

TG ey

can be used to compare the experimental data with the theory.

N\
o
la

The above equation shows that for a given column length L,
the separation factor versus flow rate data should be
correlated by the two column constants, H and K. The
experimental data can therefore be studied by retaining the
above theoretical functional form of the equation and
determining the H and K values empirically to best fit the
set of separation factor versus flow rate data. The behavior
of these empirically determined H and K values can be compared
as functions of the various parameters to their theoretical
expressions.

For the continuous-flow thermal.diffusion column,
Powers (U48) devised a new method of fitting separétion versus
flow rate data to determine emplirically H and K at low flow
rates. A modification of this procedure will be used to best

fit the experimental data on separation factors as functions
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of flow rate to determine H and K in this work.

The steady state batch separation factor (i.e. at

0=0, t ~=) 1is given by the equation

Cg \- 2A
—_— = e 5 . 1
(&),
o=0
where A= g% . b.2

If this is divided into equation 3.88, the result is

an equation of the form:

2), (UG N

62A<e-A(1+%>

. p = HL
where | A= 5% . 3.85e

The above equation represents the steady state flow
separation factor normalized with respect to the maximum
batch separation factor. Equation 5.3 was used to obtain the
vélues of H and K for a particular set of flow rate data.

For a given flow rate, a value of A as calculated from the
batch separation factor was taken and a value of H was
assumed. The ratio on thé left hand side in equation 5.3 was
then calculated for the assumed value of H and compared with

the experimental value. The actual value of H chosen was
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then found by repeated trial and error procedure. To fit
the data of the entire set, an arithmetic average of H values
for the individual flow rates in the data set was used. The-
value of K .., was then calculated from the relation

HL
K=§—A- - 5.)4'

Such empirical values of H and K for all the flow-data sets,
and calculated in the manner described before are presented
~in Table 5.1. The procedure described above of finding the
values of H and K was used for all the flow rate data sets.
Sample calculations are given in Appendix D.

All experimental flow data show that the functionality
of‘equation 3.88 is correct and therefore séparation factors
can be calculated by using the same equation if empirical
values of H and K are used.

Experimental separation factors are presented as a
function of flow rate for various field strengths and
temperature differences, on Figures 5-3, 5-4 and 5-5. The
solid lines represent the curves obtained from equation 3.88
using the empirical values of H and K. The fits obtained are
very good. The shape of the ‘semi-empirical curves obtained
and the excellent fits of the experimental data show that FJO
theory 1s at least qualitatively applicable to the case of
continuous-flow electrophoresis columns. The data do not
show appreciable deviations from the empirical curves even
at moderately high flow rates of up to 10 gm. per minute.

It is seen that Figures 5-3, 5-4 and 5-5 definitely show that
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TABLE 5.1

Empirical Values of Column Constants

E H K A

1 .3018 8.5 - 0.0423 8.6 0.259 104.6 0.18
2 .3015 8.5 o0.141 8.6 1.026 165.6 0.406
3 .3015 8.5 0.282 8.6 1.7320 198.0  0.634
4 .3015 8.5 0.423 8.6 2.5360  206.2 0.915
5 .3018 © 0.282 8.6 0.6u46 bg.5 0.947
6 .3018 © 0.423 8.6 1.460 92.8 1.143
T .3018 16 0.282 8.6 2.584 205.0 0.915
8 .3018 16 0.423 8.6 3.371 221.8 1.104
9  .1354 8.5 0.282 8.6 2.5 175.4  1.050
10 .1354 0 0.282 8.6 1.448 87.5 1.104
11 0.282 6.0 0.148 54,2 0.198

1354 8.5
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thé form of the equation 3.88 is at least qualitatively
correct for almost all flow rates.

In no case however do the separation factor values
calculated by using semi-empirical.values of H and K agree
with those calculated by using theoretical vélues of Hand K
as shown in Figure 5-6. This is true fof the moderately low
flow rates (except at flow rate 0 = O where agreement is very
close) and for all values of the field strengths used in the
present investigation. 1In all the sets, separation factors
decrease with increésehin flow rate. However, at low values
of E, the empirical values and the theoretical values are
closer to each other. The empirical values of H and K
obtained for the data set D.1F at several flow rates are
listed in Table 5.2. An examination of these values of H
and K shows that both H and K appear to be independent of
the flow rates within experimental error. This is in
agreement with the theory which does not envisage a dependence
of the column constants H and K on flow rate. This
experimental observation leads to the conclusion that the
‘use of H and K calculated on the basis of the batch velocity

profiles is Justified.

Functional Dependence of Column Constants
The question now arises whether the empirical values
of H and K obtained show the functional dependence upon the
parameters of operation (such as field strength, temperature

difference, membraneAspacing, and mobility).
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TABLE 5.2

Comparison of Empirical Column Constants H and K
at Various Flow Rates

Data Set D-1

g%?ymgi?e ém.?min. gm.—cg./min.
0.289 0.259 104.9
0.521 0.257 . 104.2
1.187 0.257 104 .2
2.536 0.259 - 104.8
3.704 0.260 105.3
6.187 0.260 105.6
8.418 0.260 | 105.7

Average Value 0,259 : 104.9

*For condltlons of the experiment and figure, see
Figure 5-2. -
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The .column constant H (total) consists of two parts:
(1) the interaction term-involving both ‘AT-temperature
difference and E-field -strength and (é) fhe electrophoreeis
term 1nvolving only E-field strength. From the equations for
each of these it 1s seen that HTE is proportional to both AT
and E while the second term HE-is proportional td the squareé

of E. H is given by an equation of the form:
H=a-+ AT+ E 4 bE® ‘ o 5.5

The functional dependence of HTE and HE is given by equations

of the form:

. _ bE2
%‘E:a AT'E, HE—bE 5.6

The H value at zero temperature difference consists
only of Hp because onl& the electric force field is operative.
The data at zero temperature difference are therefore useful
to study the effect of E on H = Hg. To test this predicted
functional relationship, plots of H, HTE and HE as functions
of E and AT are presented in Figures 5-7 and 5-8. In Figure
5-7 curve A represents the dependence of Htotalen E at
AT = 8.5°C and 2w = 0.3018 ecm. On curve B, the points 1 and
2 are the experimental points-while points 3 and 4 are the
extrapolafed values from the data at those E values with use
of Figure 5-8. 1In Figure 5-8, total H as a function of AT
is a straight line plot.indicating that functional
proportionality expressed by the form of equetioh 5.6 1is

satisfied with respect to the effect of AT. Since Hg is
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proportional to E2, a log-log plot of Hgp as a function of E
should give a straight line of slope 2. Figure 5-9 shows the
dependence of Hg on E at AT = O and 2w = 0.3018 em. The
slope of the line is seen to be equal to 2.0 as predicted by
the theory. The experimental values of H therefore show that
thé functional forms of the theoretical equations'for the
column constants H seem correct.

The functional form of the equation for total K is
rather complicated, (equation 3.67 to 3.6T7e) consisting of
six terms. The three terms containing the heat generation
term, Q, are according to pheor& negligibly small in the
present work because of the small Q, and, therefore, only
the remaining three will be considered-heré. The contribution
to K of parasitic remixing will be ignored (cf. Powers (47)),
and the vertical diffusion can be shéwn to be negligibly
small for these experiments. The total K is then given by

the equation:

K =Kp + Kpg + Kg 5.7

where (1) Kf i8 the contribution to total K Aﬁe to AT alone
(2) Kpg is the contribution to total K due to the
product of E and AT (the interaction term)
(3) Kg 1s the contribution to total K due to E alone
The above equation 5.7 for K can be written in a

functional form of the type:

K=a(sT)2 +b AT-E +cE2 5.8
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where a, b and ¢ are constants so that the individual

contributions to K are represented by the functional forms:

Kp =2a(s0)2 5 Kpg =b 8T E  and Kg = cE 5.9

Figure 5-9 shows the functional dependencé of Kat AT = 0
(1f T = 0, Kp = O and Ky = O and therefore K = Kp) on the
parameter E on logarithmic co-ordinates. The slope of the
line through the two experimental points has a value of 2.0
which indicates that K = Kg satisfies the functlonal form of
its theoretical expression. | .

| However, the case of total K is different. From
Figure 5-10a, (total K as a function of E at AT = 8.5°C and
2w = 0.3018 cm.) it 18 noticed that the empirical K values
differ very little with increase in E. It appears to reach
a limiting value which is contrary to theory. This is not,
however, surprising since at such large memb rane spacing{ K
values; which are meaéure of the internal convection flow,
are less likely to follow theory. For example, in thermal
diffusion a similar situation exists as can be seen from the
data of Boyer (7) and others for continuous-flow thermal
diffusion columns.

The effect of temperature difference 1is seen from

Figure 5-10b in which afe presented the total K values as a
function of the temperature difference at two different E
values as the constant parameter. In this case also, the
value of total K appears to reach a limiting value with

increase in AT which is contrary to theory. Similar reasoning
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as given above in explaining the discrepancy with regard to
the effect of E on total K applies here and will therefore
not be repeated. The above discrepancies with regard to thé
dependence of total K on E and AT are not however detrimental
from thé point of the seﬁarations desired. An examination
of equation 3.88 for separation factors shows that total K
appears in the denominator of the exponent and -if this
remains constant while H increases with increase in either E
or AT, this results in an increase in value»of_A (A = HL/2K)
‘which means an increase in separation factors.

The various column constants defined ha;e the

following functional form when all parameters other than

-

membrane spacing are the same:

Hpp = a(2w)? | Hy = b(20)? , Ky = c(2w)

5.10
Kpp = d(2w)8 and Ky = e(2w)9

These theoretical fuhctional forms suggest a strong dependence
of these constants on the spacing between the membranes. For
example, Hg (the valﬁe of H at AT = 0) contains the term 2w
raised to the fifth power while K (the value of K at AT = O)
containé the term 2w raised to the 9th power! An examination
of the empirical values of the column constants, however

shows that these do not confirm the functlionality of their
expressions. As an example, the H (= Hg) at AT = O were
inversely proporfional to the membrane spacing (Figure 5-11).
Thus, it is seen that the column constants do not satisfy.the

theoretical functional relationship with regard to the
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membrane spacing (2w). Similar discrepancies between theory
and experiment have been indicated by Boyer (7) and others
(7,48) in thermal diffusion columns.

To summarize, the following observations about H and
K may be made on the basis 6f the above discussion:

(1) The empirical column constants H and K are
practically 1ndependent of flow rate 0 as expected from
theory. Therefore, use of H and K calculated using batch
velocity profiles to represent also the flow case seems to
be Justified.

(11) The empirical values of column constants, H,
Hpg and Hg confirm the functional forms of their theoretical .
equations with regard to their dependence on field stréngtﬁ
E and.température difference AT.

(111) The empirical column constants K at AT = O
(K = Kg in this case) follow the functionality of their
theoretical expression, but at other temperature differences
and higher fileld strengths the K values are almost constant
and fail to satisfy the theoretical functional relationship.

(iv) For membrane spacing, with all other parameters
. held constants, it is seen that all empirical column constants
H and K do not observe the theoretical functiohality.

From what has been salid so far about the column
constants H and K, it would appear at first that their use
for comparison of separation factors might not be too
meaningful. However, the failufe of empirical columm

constants to follow their theoretical functlonal relationships
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would not be a serious limitation in determining the
separation factors as a function of flow rate (equation 3.88).
Further, for a given membrane spacing and AT greater than
zero, the values of H follow their functional relationship
for the parameters E and AT while the K remains more or less
constant. The values of H will therefore be the more
- appropriate basis for comparison of the separation factors.

With the above observatioﬁs about column cohstants,
the separation factors as a function of parameters other than

flow rate can be discussed.

Discussion of Separation Factors

.Effects of Field Strengtﬁ

According to the theory higher separation factors
should result with an increase in E at constant AT other than
zero. The separation factors taken at vafious values of E
and temperature difference (8.5°C, 16°C) were presented in
Figures 5-3, 5-4, ‘and 5-5 and these seem to satisfy
qualitatively their theoretically expected dependence on
field strength E.

The situation is quite different at AT = 0. Both
HE.and KE at‘this AT are functions of E2. Therefore, from
theory it would be expected that for the same values of the
parameters other than E, the batch separation factor'given

2, D
2h _ o (2aES/bES) _\ 14 be independent of field

by Cg/Cp = e
strength E at AT = 0. The theory and experiment do not agree

well as can be seen in Figure 5-5 which shows separation
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factors obtained as function of two E values at AT = O. The
values of A incorporating the ratio H/K for both the E values
agree within about 10%; however, the small difference in A
is exponentially multiplied in the separation fadtor, thus
resulting in the large difference in the values of the |

separation factors actually obtained.

Effect of Temperature Difference

The separation factors as a function of AT at two
different values of E were presented before in Figures 5-3,
5-4 and 5-5 but for the sake of comparison are again presented
in Figures 5-12a and 5-12b. The theory predicts that an
increase.in AT should cause a decrease in the separation
factors. Comparing the separation factors obtained at 8.5°¢C
and 16°C respectively at the same E, it.is seen that
improvement in the separation factors does occur with increase
in AT, which is contrary to the theory. This occurs for éll
E values studied.

The above observed discrepancy between theory and
experiment as regards the dependence of separation factors
on increasing AT can be explained on the basis of the
behavior of the semiempirical column constants H and K. It
has been seen before that semiempirical H is proportional to
AT while K approaches a limiting constant value as AT
increases. As a result the value of A given by equation
3.85c also increases resulting in increased separation

factors with increase in AT in contradiction to theory.

-
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However, 1t should be remembered here that the temperature
differences used in this lnvestigation were small and
therefore the contribution to either H or K by the product
of AT and E was also small. Hence the effect of the thermal
field on the separation factors was relatively 1nsigqificant.

The influence of AT is more significant and more
..consisfent with the theory at low E values and low AT values
and theée results agree with Kirkwood's conclusion that AT
is noﬁ particularly necessary for substantial separation in
an électrophoresis column. In contrast, however, 1t appears
that important increases in separation (about 30%) especially
at low values, are obtained by the addition of a temperature
gradient to increase the convective flow, as the theory
predicts. -

The experimental separation factors at AT = O are
greater than those obtained at other temperature differences
for the same E value, as can be seen by comparing the
respective separation factors 1n'Figure 5-12a and 5-12b.
This 18 true for both spacings used in these experiments.
This observation is however consistent with the theory which
pfedicts increases in separation factors as AT decreases.

It is seen from Figure 5-10b, that the value of K drops
quickly as the temperaturé difference decreases to O while
there is no corresponding quick drop in H values. Higher
values of A therefore result in case of small temperature
differences in contrast to large temperature qifferences.

As a result higher separatibn factors result at low
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temperature differences. 1In addition, at AT = O where both
membranes are at 4°C, the viscosity of the medium is higher
(15%) and thus a more laminar convection would result reducing
parasitic remixing. It seems, therefore, that significantly
large temperature differences will be required to yield
substantially large contributions to the separation factors
by the thermal field since in such cases, K will be small and
H values will be large.

On examination of Figures 5-12a and 5-12b, it is also
seen that at high flow rates, the behavior of the separation
factors as explained above does not hold. There 1s quilte an
overlapping of the experimental data for all the temperature
differences. It may be obéerved that the separatlion factors
at AT = 0°C become lower than those at 16°C. It appears that
the semiemplirical theory also does not hold good at high flow
rates. A few possible explanations can be given. First, at
high flow rates, the use of batch veloclty profiles to
calculate H and K may not be too accurate. Second, a higher
temperature difference would help suitable flow conditions
to be established over a wide range of flow rates. Third,
anamalous behavior of water at 4°C might be also a factor for
the»obsérved discrepancy between the experimentally observed
data and the semiempirical theory. Probably a combination of
the factors Just cited might be the cause of the odd behavior
of the separation factors with regard to their dependence on

temperature difference at high flow rates.
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Effect of Membrane Spacing

Separation factors as a function of membrane spacing
at one value of E and two values of temperature difference
are presented on Figures 5-13 and 5-14. The curves in these
figures represent, as in other'cases, the value of the
separation factors calculated from the equation using
empirical values of H and K.

The functionality of column constants shows a strong
dependence on membrane spacing and the effect on separation
factors should therefore, be strong. Examination of the data
and Table 5.1, for empirical column constants, shows increase
in éeparation factors with decrease in membrane spacing.

This is in accordance with the theory qualitatively and is
clearly indicated in Figures 5-13 and 5-14.

Effect of pH of Solutilion
The mobility of the protein is a function of the

hydrogen ion concentration of the solution. The separation
factors fherefore should depend upon pH of the solutior as
they depend upon the mobilit&. In Figure 5-15 are presented
the data at pH 8.6 (boric acid-borax buffer) and at pH (6.0)
(phosphate buffer). ‘The mobilities U of bovine albumin are
-6.3 x 1072 and -2.2 x 1072 cm.2/volt/sec. at pH 8.6 and 6.0
respectively. The theory predicts smaller separation factors

at lower mobilities as is shown by Figure 5-15.

Effect of Column Iength

In this investigation column length L was kept
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constant and no experimental data were taken with L as
parameter. But its effect 18 discernible from the equation
used to define A because H and K values should be independent
of L. The form of the equation suggests tﬁat incfeased
separation factors should be obtained with increase in length.
- (No generalized obseryations can be made here because no

experimental study of this effect was made.)

Discussion of Quantitative Aspect of the Theory

The theoretlcal development given in detail in
Chapter III predicts not only the form of the equation that
may be used to represent the experimental data and the
functional dependence of the eméirically determined terms H
and K, but the numerical magnitudes of these terms as well.
Comparison of experimental and theoretical values of the
variéus column constants H and K is a convenient method of
investigating the gquantitative aspects of the theory.

It has already been observed that the experimental
separation factors followed the functional form of the
~ equation 3.88 but were in duantitative disagreement. For
thermal diffusion columns, many investigators (48,7) have
defined correction factors for H and K to bridge the gap
between theory and experiment. For example, Powers (48)

defined the cbrrection facfbrs as:

H

= ——2XP_ 5.11
mH, cheor '
K . .
g = b 5.12

Ktheor
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where the subscript "exp" and "theor" refer to experimental
and theoretical values respectively. He observed that the
theory was in quantitative agreement with experiment over
ceftain small values of plate spacings and that it was in
good qualitative agreement over a wide range of variables
investigated, that the corrections @y and ¥ change rapldly
with spaéing 2w, that both Py and %k appear to be independent.
of L the column length, that the corrections vafy little with
large changes in the temperature difference and that both Py
and @ are functions of the physical properties of the system.
Since there is considerable similarity between the
thermal diffusion column and the electrophoresis column, the
same technique of correction factors could be used to
'1nterpret quantitative aspects of the e1ectrophoreéis column
theory. 1In the‘present work, the correction factors were
calculated for all the sets of data and are listed in
Téble 5.3.
it has been reported by Powers (48)‘that the
correction factors oy and ¥ are empirically related by the
equation:
1.25 |
% = ®H - - 5.13
For compgrison ﬁurposés B values were calculated using this
relation and these values are aiso included in Table 5.3 as
'gk calculated. Upon comparison of experimental B values and
those calculated by above relation, it is seen that this

relationship holds only in case of the lower spacing



Experimental and Calculated Correction Factors Py and @

TABLE 5.3

K
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2w = 0.1354 cm., AT = 0°C, AT = 8.5°C and E = 0.282 volt/cm.
for a solution of pH 8.6. At spacing of 0.3018 cm., the
correction factors are numerically extremely small, i.e. the
actual values of K as realized in experiment are considerably
smaller than their theoretical values.l

By comparison of the correctién factors given in
Table 5.3, the following observations are made:

(1) The relationship between ¢y and @ given by
Powers (48) in most cases does not.hold good for present data.

(2) The @ experimental and @ calculated from
equation 5.13 are in good agreement at the lower spacing of
0.1354 cm. and at temperature differences of O and 8.5°C
respectively. Although no general conclusion can be drawn
from this single agreement with theory, 1t faintly suggests
that Power's relation for 9y and ¥ might be applicable to
electrophoresis columms also at low membrane spacings. In
the present work, father large spacings were used and
therefore there 18 no quantitative agreement between qkexp
and @ values calculated by using Powers' empirically
observed relationship between ¢k and Py in thermai,diffusion.

(3) The correction factors decrease with increase in
‘field strength and they have very small values at the larger
menbrane spacing. |

The experimental dependence of separation factors
-upon membrane spacing definitely disagrees with the thedry.
The membranes may change or bulge-while in contactfwith the

solution and the spacing measurement could be in error. The
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spacing 1s measured accurately only at the periphery of the
cell. Although this might explain in part the disagreement
between theory and experiment, membranes must have been
relatively well behaved because of the positive pressure
‘which alwa&s fdrced them against their Fiexolith supports,
and because of the consistency of the exper;mental results
after two replacements of the membranes which required
complete reassembly of the column. Further, the spacing
measurement would have to bé in error by a factof of lbb% to
account for the disagreement observed, and the technique of
measuring spacing could not possibly be so much in error.

One must, therefore, conclude that at thé large
membrane spacings used in this investigation, the theory does
not correctly predict separation factors as avfunction of |
membrane spacing. It may be noted here that similar

disagreement with respecﬁ to plate spacing also exists

between theory and experiment in thermal diffusion.

Translent Analysis of the Electrophoresis Column

It has been shown in Chapter III, how the transbbrt
equation obtained by the reduction of the general partial
differential equation by aSsuming steady state batch operation
can be used to describe the transient behavior of an
electrophoresis column. The transient batch experimental
data provide an independent means to check the validity of
the theory developed in Chapter III and also to check the

applicability of the semiempirical procedure developed in
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the earlier part of this chapter.

A transient batch run was made for each set of the
separation factors as function of flow rate data to determine
the time required to reach the steady state. However, these
data are also useful to see how well the semiempirical H. and
'K values obtained from the steady state flow rate data
represent the transient batch data.

The transient separation factor as a function of
column parameters and time-has been shown to be given by

equation 3.114 as:

;)
f = =
Cp
: oA - _ (A2+n)2_ﬂ2)Kt
2AC e 2 2 - mL2
——é-A—-o——- +4ACoeA 21'] ﬂ2 2.0 [1+ (-1)n+le A](—l)ne B
e ™ -1 - n=1 (A"4nn )"
2,.2 2
(A+n°n°)K
- t
© 2
22 mL
2+ HCo e 222[1+(1) e
ech -1 n=1 (A +nmn _
3.114

~ where CB i1s the concentration of the component in question
at the bottom of the column and Cp 1s that at the top and a

as defined before:
_ 2 -
a = EL_ 3.98

For a column of a given length, an examination of the
transient part of equation 3.114 shows that the relaxation

time (time to reach the steady state) depends upon the values
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of A and K. For the cases studied here, however, A is small,
and we need discuss only K. The theoretical values of K for‘
the conditions used in the present experiments'were quite
large, indicating that very short times would be required to
reach the steady state. However, the times'observed were
considerably longer than these and it is therefore evident
that the transient theory and transient experimént do not -
quaptitatively agfee. Because of the disagreement betweeh
theory and experiment in the case of transient experimental
data also, 1t is considered interesting to compare these
independently obtained transient experimental data with the
fesults calculated by using the semiempirical H and K values
which were derived from the flow rate data. Sucﬁ a comparison
will now be made firéﬁ with regard to the effect of the

various parameters on the relaxation time for the column.

Effect of Field Strength

In Figures 5-16, 5-1T7 and 5-18 are presented the
experimental transient data obtained at four different field
strengths and temperature differences with all other
parameters held constant. The solid curves in these figures
represent the separation factors as a function of time
obtained uéing the semiempirical H and i'vélues from the flow
rate data. Since semiempirical values of K increase with
increase in E and approach a limiting value at fairly high
values of E, the relaxation‘time should be practically

independent of E. At low E values however, the relaxation
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times should increase wifh decrease in E. The data presented
in Figure 5-16 nearly confirm the above observations. In
Figure 5-16, it is rather difficult to see the difference in
the times required for reaching steady state but sémiempirical
calculatiohs showed that the relaxation time was 7.5 hours at
E = 0.0423 volt/em., 6.5 hours at B = 0.141 volt/cm., 6 hours
at E = 0.282 volt/cm. and about 6 hours at E = 0.423 volt/cm.
-These semiempirical values of the relaxation times agree
closely with the experimental relaxation times as will be
seen from Figure 5-16. The data presented in Figures 5-17
. and 5-18 also substantiate the agreement between the

semiempirical theory and the data.

Effect of Temperature Difference

Theory predicts an increase in K with increase in AT.
The relaxatioﬁ times should thérefore decrease with increase
in AT. However, it may be recalled here that the semiempirical
K values increase ﬁith increase in.AT but tend to approach a
constant value at sufficiently large temperature differences.
As a result, except at very small temperéture differences,
according to the semiempirical theory, éhe_relaxatioﬁ times
should Be about independent of the temperature difference.

Figure £5-19 presents the separation factors as a'
function of time at temperature differences of 8.5°C, 16°C
"and 0°C respectively and two different values of fhe field
strength (0.282 volt/cm. and 0.423 volt/cm.) with other

parameters held constant. It is seen from this that the



SEPARATION FACTORS

199

13,5

130

120

1.0

l | I

198.
206,2
2050
2218
49.5
92.8

== SEMIEMPARICAL CURVESHEQJATIW 3,14

EXPERIMENTAL SET
POINTS NO. GM/MIN GM-CM/MIN
o] 3T 1732
A 4T 2,536
® 7T 2.584
A 8T 3,371
® 5T 0.646
® 6T 1.460

10.0

9.0

o _o—%

_—AT=0%, E=0423 volt/cm.

AT=16°C,

E* 0,423 volt/cm.

8.0

|
/—AT 0°c, E= 0,282 volt/cm
A —AaT=1 6°C E 0,282 volt/cm.

70

50

40

3.0

4

’\— AT=8.5°C,E=0.423volt

cm.

— AT=85°C, E=0282 volt/cm.

)

20

TRANSIENT SEPARATION FACTORS AT THREE

3

4

5 6

TIME IN HOURS

DIFFERENT TEMPERATURE DIFFERENCES

FIGURE 5—19



200

relaxation times at AT of 8.5°C and AT of 16°C are not very
different. However at AT of 0°C, the relaxation time is
larger than that at either AT of 0°C or AT of 16°C. This is
in accordance with the semiemplrical theory derived from the
flow rate data which predicts a similar behavior. Here again
there is quite good agreement between transient experimental
data and the results calculated using semiempirical H and K
values from the separation factors as a function of flow

rate data.

Effect of Membrane Spacing
Theory predicts considerable influence of membrane
~sspacing on the values of K and the relaxation times should
be considerably affected by a change in membrane spacing.
Theoretically the relaxation times should increase with a
decrease in membrane spacing. Semiempirical values of K at
the two membrane spaéings used in the present work, which
are given in Table 5.1 are repeated below for immediate

" reference:

Values of Total K at Two Membrane Spacings
Spacing K at AT = 8.5°C K at AT = 0°C

em. gm.-cm./min. gm.-cm./min.
" 0.3018 198.0 49.5 .
0.1354 175.0 87.5

For a temperature difference of 0°C, the semiempirical value
(87.5 gm.-cm./min.) of K at the spacing of 0.1354 cm. is
greater than that (49.5 gm.-em./min.) at the spacing of
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0.3018 e¢m. The relaxation time shouldvtheréfore be less for
the smaller spacing ag is seen ffom Figure 5—16 discussed
before.and from Figﬁre 5.20 by a comparison of the
correspénding curves (AT = 0°C and AT = 8.5°C). The K values
‘at the other temperature difference are about the samefand
therefore th; relaxation times should be abqut the same.
However, comparison of the curves of separation factors és
function of time for AT of 8.5°C given in Figure 5-16 and a
similar curve given in Figure 5-20 shows that for both the
membrane spacings the relaxation -times appear to be about the
same. These observations are in complete agreeﬁent with the
semiempirical theory derived from flow data but are in
- disagreement with the results calculated from the theory
developed in Chapter III. This is noﬁ however surprising
since, as has been already showh, the experimental data do

not follow the theoretical dependence of membrane spacing.

Effect of pH of the Solution

The effect 6f pH 18 reflected in the value of mobility
and since K increases with increaée in mobility when other
parameters are held bonstant, the relaxation time should
decrease with increase in mobility. In Figure 5-21 the '
experimentél data for a mobility of -2.22 x 1072 cm.2/sec.-volt
(pH of 6.0) are presented for a temperature difference of’
8.5°C, E of 0.282 volt/cm. and membrane spacing of 0.1354 cm.

5

A similar curve for a mobility of -6.3 x 10~ em.2/sec.-volt

(pH of 8.6) at the same experimental conditions has been
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presented 1in Figure 5 -20. The relaxation time is about five
hours for the lower mobility and about two hours for the

higher mobility in agreement with the theory.

. Tfansient Behavior of Column

It is seen from Figures 5-16 to 5-21 that the solid
cprves prepared by using semiempirical H and K valﬁés derived
from flow data represent the transient separatipn factors
very well. Except in few cases, the agreement.between
semiempirica1 theory and experiment is excellent. |

The few,discrepaﬁcies observed (cf. Figures 5-18,
5-20, 5-21) may be either due to experimental disturbances
.or they may be the result.of effects caused by frequent
sampling which rendered the run not truly batch. Vichare
and Powers (65) have given a theoretical treatment to estimate
the amounts of the samples to be withdrawn and the frequency
of withdrawal from the thermal diffusion column in a transient
batch experiment. This analysis could not be profitably used
~in the present investigation because of two reasons: (1) -
‘ Vichare's analysiq,peftains to a column where the assumption
of the constancy of the product C,C4 could be made and where
.a symmetry about the midpoint of the column could be assumed.
(2) In actual experimentation, it was necessary to withdraw
comparatively larger amoqnts of .the samples (from 0.75‘ml; to
1 ml.) for analytical purposes since 0.5 ml. or more of the
protein solution wasAreQuired-to develop a measurable color

intensity.
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In spite of the difficulties with regard to the
sampling procedure and barring the few discrepancies mentioned '
above, the semiempirical H and K values obtained from flow
rate data were capable of represeﬁﬁing the transient batch
data with excellent agreement. The agreement of the column
“data for the steady state and the excelleht'prediction of tﬁe
_transieht results from the steady state column constants 13
very significant. It definitely supports the conclusion that
the FJO procedure may be applied to describe the transient
and steady state batch as well as steady state flow operations

of a thermoelectrogravitational electrophoresis column.

[

Conclusions

(1) The experimental separation factor data on the
performance of the thermoelectrogravitational electrophoresis
- column used in this 1nvestigatioh show that it is possiblew
to obtain reasonable separatioh under a variety of conditions
qf'electrical field strengths, temperature difference and
membrane spacing;

(11) Equation 3.80 developed in Chapter III for the
separation factor fits the expefiméntal-data very well
qualitatively, but there is no quantitative agreemeﬁf'bétween
original theory and experiment.

(111) Semiempirically calculated average values of H
and K fit the experimental_separation factor data very well.
The empirical H and K are also”reasonably 1ndependent_of flow

rates in agreement with the theory. Therefore H and K
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calculated using batch velocity profiles are applicable to
the flow case.

(iv) The functional forms of the empirically
determined column constants H, HTE’ HE and K were qualitatively‘
in agreement with their theoretical expressions as functions
of the parameters field strength (E) and temperature
difference, AT.

The column constants K, however, appear to reach a
limiting value with increase in either E or AT. This
discrepancy is attributed to large membrane spacing for which
the theory does not seem to be either qualitatively or
quantitatively correct.
| The values of the empirical column constants H and K
do not follow thelir theoretical functionality'with regard to
the membrane spacing even qualitatively.v

(v) As predicted by the theory, the separation factors
increase with: |

(a) increase in field strength,

(b) decrease in témperature difference,

(¢) increase in electric mobility of the component,
and (d) decrease in membrane spacing. | '

(vi) At iarge temperature differences, the separation
factors increase with increase in temperature difference,
which contrdaicts theory. This 1s because K does not increase
proportionately but tends to reach a constant value as AT
increases. |

The separation factors at:AT = O were higher than
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those at the other temperature differences. This 1s
attributed to the more orderly laminar convection that would
result because of increase 1n viscosity and thus feduce
parasitic remixing. Significantly large temperature
differences will be requlred to give a substantial
contribution to the separation process. However, at low
valueé of E and flow rate, the contribution of AT 1is
significant portion of the total effect. At large temperature
differences, K remains constant and H increases with oT,
therefore increase in separation factors are obtained.

(vil) The rate of approach to steady state in an
electrophoresis column could be represented by equation 3.114,
given in Chapter III. The empirical H and K values derived
from steady state flow rate data represented the experimental

 transient batch data very well, and the application of the

«FJO procedure is justified.



'CHAPTER VI
SUMMARY

Electrophoresis, an elegant method of separation of
charged species from their mixtures by application of an
electric field, has been extensively used 1in biochemical
analysis since the introduction of Tiselius apparatue. Only
recently this has begun to receive atteqtion for preparatory
purposes. A review of the preparative electrophoresis work
indicated that most of the workers have developed convection
free, low flow batch apparatus and have not taken the
advantage of gravitational reflux action due to convection.
Using the principle of Clusius-Dickel column,'Kirkwood et al.
developed a batch thermogravitational electro-convection
apparatus with reservoirs for the separation of proteins and
derived a mathematical theory to describe the behavior_of
their’celumn. No theoretical or experimental work has been
so far reported on the possible development of continuous-flow
electrophoresis columns similar to Clusius-Dickel
continuous-flow thermal diffusion columhs.‘

In the present work, in order to develop new -
_cpntinuous-flow electrophoresis apparatus for preparative

purposes,‘a center-fed thermoelectrogravitational

208
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continuous-flow electrophoresis column using the principle
of the ClusiuseDickel column was proposed. To explain the
separation obtained in the column upon application of electric
and thermal flelds, a theory was developed using thé Furry,
Jones and Onsager procedure to yield a transpoft equation;
which can be used ﬁo describe both the continuous-flow and
transient operation of the column. Only systems containing
one mobile component have been considered in the development
of the theory.

An electrophoresis column containing Visking cellulose
semipermeable membranes was constructed and utilized to
obtain experimental transport data for bovine albumin. The
experiments determined the effect on co}umn operation of
flow rate, field strength, temperature differénce, membrane
spacing and the pH of the solution..iThe experimental data
were then compared to the theory deveioped. | ‘ |

Qualitative experimental confirmation of the theory
proposed was found for both steady épate éontinuous-flow and
transient batch electrophoresis columﬁ operatidﬁ., All the
experimental data confirmed the functional relationships of
separation factors developed in the theory fbr all theA‘
parameters, membrane spaclng, flow rate, field strengtﬁ,
temperature difference and pH of the sglution. Few
discrepancies with regard to the'dependence of separation
factors on AT were observed. It was found that quantitative
agreement between theory and experiment was not satisfactory.

‘This might be due to the fact that the basic
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thermogravitational thebry of Furry, Jones and Onsager as
applied to electrophoresis is not itself quantitative because
of assumed approximations in its development, and because of
the fact that in the present investigation comparatively
large plate spacings were used, at which FJO theory has been

shown to be not quantitative in thermal diffusion.
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DEFINITION OF SYMBOLS
A = HL/2K defined by equation 3.85e. Ap = A for top; Ag = A
for bottom.
= general constant
= general constant

column width

W W o w»
n

subscript to ldentify streams leaving the bottom of the
column

B = general constant

¢ = general cohstant

C = concentration ”
C. = concentration (original) in feed

C = Laplace transform of C

‘Cl = concentration of component 1

= concentration of component 2

Q
n
!

Cm = concentration of component at feed polnt of the éolumn

CB = concentration of component 1 leaving bottom section
CT = concentration of component 1 leaving top section
concentration of component 1 in feed

| ¢
=
"

= average concentration

general constant

C

C

d = general constant
D = diffusion constant without subscript
D

= diffusion constant with subscript, also D12, D13, ete.
212



=

-

Q9 R R
o

]

i

general constant
general constant
general constant
general constant
separation factor
local acceleration d

dimensional constant

.general constant.

column constant defi

column parameter in

213

ue to gravity

ned by equation 3.70

thermal diffusion

F

column constant given by equation 3.73b
column constant given by equation 3.73a
column constant representing thermal diffusion term 1h H

subscript to indicate solution component

N R R e

thermal conductivity of solution

constant defined by
constant defined by
constant defined by
constant defined b&
constant defined by
constaht defined’by
column parameter ih
total column length.
length of top sectio
length of bottom sec
half the column leng

amount of solution p

equation-3.74‘
equation 3.23
equation 3.75d
equation 3.75a
equation 3.75c¢
equation 3.75b
thermal diffusion

n
tion

th

er unit length of column



/] O 9w

H 3 ot

n
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pressure in the column
protein, also P2 e e Pn
heat generated in the column
transform of ¢t
membrane spacing measurement

time

temperature

subscript indicating top section of electrophoresis

column

temperature of hot membrane
temperature of cold membrane
integral average temperature

mean temperature difference between hot and cold
membrane

electrical mobility, also Uls’ U U,., ete.

12° 13
general velocity distribution function
voltage

axlis normal to membranes

axis parallel to membranes

axis perpendicular to x,y plane

‘a constant defined by the relation & = mIZ/K of

equation 3.98

thermal diffusion coefficient, also Py a13, ete
change in density with temperature .

change in density with concentration

coefficient of viscosity

density

average mass flow rate



‘

=

]

mass flow
mass flow
mass flow

amount of

“215
rate from the bottom of the column
rate from the top of the column
rate of feed

component one passing through a cross-section

of the electrophoresis column normal to the membranes

amount of

component one passing through a cross-section

of a thermogravitational column normal to plates

dimensionless length given by equation 3.93

correction factor defined by equation 5-10

correction factor defined by equation 5-11

spacing between hot and cold semipermeable membranes



LIST OF REFERENCES



LIST OF REFERENCES

. Baldschweiler, J.VD., A.I.Ch.E. Journal 7, 34 (1961).

. Bardeen, J., Phys. Rev. 58, 94 (L) (1940).

. Benjamin, M., Borek, E., Mazur, A., Stone, @. C. H. and

Wagreich, H., Laboratory Manual of Blochemistry,
W. B. Saunders Co. (1960). p. 83.

Bier, Milan, Science, Vol. 125, No. 3257, 1084-1085
(May 31, T1957).

5. Biler, Milan, Electrophoresis, Academic Press (1959).

10.

11.

12.

13.

14,

Blank, F. and E. Valko, Biochem. Z. 195, 220 (1928).

Boyer, L. D., "An Experimental and Theoretical |
Investigation of Vertical Barriers in Liquid Thermal
Diffusion Column"”, University of Oklahoma Dissertation
(Ph.D.), 1961. .

Brown, R. A., J. B. Shumaker, J. R. Cann and J. Q.
Kirkwood, .J. Am. Chem. Soc. 73, 4420 (1951).

Clus%us, ?. and G. Dickel, Naturewissenshaften 27, 148-9
1939).

de QGroot, S. R., Gorter, C. J. and W. Hoogenstrasten,
Physics X, no 1 en 2, 81 (1943).

de Grozt, S. R., "L!' Effect Sorét", Thesis, Amsterdam,

- 1945, _ .

Powers, J. E., Uni. of Calif. Rad. Lab. Rept., UCRL-2618,
August, 1954.

Dobry, R. and R. K. Finn, Chem. Engr. Progress, 54, 59
(1958). .

‘Durrum, E., in A Manual of Péper Chromatography and Paper

Electrophoresis, R. J. Block, E. Durrum, Q. Zwelg,
Aca@emic Press, New York, 1955.

Emery, A. H. Jr., Ind. Eng. Chem. 51, 651 (1959).

217



15.

16.

'17.

18.
19.

20.
21.

22.
23.
24,
25.
26.
27.
28.
29.
30.

31.
32.

218

Ericson, L. E. and H. Nihlen, Acta Chem. Scand. 7, 980
(1953). |

kFitts, D. ﬁ., Nonequilibrium Thermodynamics, McGraw-Hill
Book Company, Inc., New York, 1962.

Fleming, J. R., "An Investigation of the Effect of
Horizontal Barriers in a Thermogravitational Liquid
Thermal Diffusion Column", University of Oklahoma
Dissertation (Ph.D. ), 1961

Furry, W. H., Jones, R C. and L. Onsager, Phys. Rev. 55,
1083-95 (1939).

Grew, K. E., and T. L. Ibbs, Thermal Diffusion in Qases,
Cambridge University Press, Great Britain, 1952.

Gutfreund, H., Biochem. J. 37, 186 (1943).

Heines, T. S., 0. A. Larsen and J. J. Martin, Ind. Eng.
Chem. 49, 1911 (1957).

Horne, F. H., and R. J. Bearman, J. Chem. Phys. 37, 2842
- (1962).

Jones, R. C. and W. H. Furry, Rev. Mod. Phys., 18, 151
(1946) . .

Kirkwood, J. @G., J. R. Cann and R. A. Brown, Biochem. et.
Biophys. Acta 5, 301 (1950).

Kirkwood, J. @., Cann, and R. A. Brown, Biochem. et.
Biophys. Acta 5, 301 (1950).

Kirkwood, J. G. and B. Crawford, Jr., J. Phys. Chem. 56,
1048 (1952). ,

Kirkwood, J. G., J. R. Cann and R. A. Brown, J. Amer.
Chem. Soc. 71, 1609 (1949). -

Kirkwood, J. G., J. R. Cann and R. A. Brown, J. Am.
Chem. Soc. 71, 2687 (1949).

Kirkwood, J. G., R. A. Brown, J. B. Shumaker and S. N.
*  Timasheff, J. Am. Chem. Soc. T4, 460 (1952).

Kirkwood, J. G., R. A. Brown and J. R. Cann, J. Am. Chem.
Soc. 181, 161 (1949).

Kirkwood, J. G. et al., J. Am. Chem. Soc. 71, 2687 (1949).

Kirkwood, J. G., S. J. Singer, R. A. Brown and J. R. Cann,
" Science 114, 30 (1951).




33.
34.

35.

36.
37.
38.

39.
4o,

41.
b2,
43.

ul
4s .,
46.
4.
48.

219

Kirkwood, J. G., J. Chem. Phys. 9, 878 (1941).
Kirkwood, J. @., loec. cit. cf. 32.

Kirkwood, J. G., J. R. Cann, and R. A. Brown and D. H.
Campbell, J. Am. Chem. Soc. 73, 4611 (1951).

Kolin, A., J. Chem. Phys. 22, 1628 (1954).

Kolin, A., J. Chem. Phys. 23, 407 (1955),

Kolin, A., Proc. Natl. Acad. Sci. U.S. 41, 101 (1955).
Kolin, A., Naturwissenschaften 42, 367 (1955).

Mach?boeug M. Jolonorski and A. Gay, Bull. Soc. Biol. 33,
1951 )

Mathies, J. C., Science 115, 144 (1952).

M. Adolf and W. Pauli, Biochem. z. 152, 360 (1924).

Mel, H. C., UCRL-Biology and Medicine UC-48
TID §500 (15Eh edition), 1960.

Pauli, W., Biochem. z. 152, 355 (1924).

Phelps, R. A. and J. A. Cann, Arch. Biophys. 61, 51.

Philpot, J. S. L., Trans. Faraday Soc. 36, 38 (1940).

Polson, A., Biochem. et. Biophys. Acta 11, 315 (1953).

vPowers, J. E., UCRL-2168, Uni. of California Radiation

Iab, Berkeley, Californla (1954).

Powers, J. E., and C.. R. Wilke., A.I.Ch.E. Journal 3,
213-222 (1957).

Becker, E. W., K. Bier,. and ‘R. Schutte, Z. Naturforsch
18&, 246 50 (1963) .

Lindemann, F. A. and F. W. Aston, Phil. Mag. 37, 523 =535
(1919).

Groth, W., in H. London, ed. , -Separation of: Isotopes,
George Newnes Ltd London 1961, Chap. 0.

Groth, W., E, Nann, and K. H Helge, Z. Naturfosch. 129,
81 (1957).

Groth, W., and K. H. Welge, Z. Phys. Chem. N. F. 19, 1-20
(1959).




hg.
50.
51.
52.

53.
54,
55.

56.
57.

58.
59.

60.
61.

62.

63.

220

Zippe, @., The Development of Short Bowl Ultracentrifuges,
Research laboratories for Engineering Science, Unl.
of Virginia Report EP-4420, 101-604, 1960.

Branley, A., Science 92, 427-428 .(1940).

Martin, H., and W. Kuhn, 2. Phys. Chem. A 189, 219-316
(1941).

Martin, H., Z. Electrochem. 54, 120-9 (1950).

Kanagawa A. and Y. Oyama, J. Atomic Energy Soc. (Japan) 3,
868-873 (1961).

Sourirajan, S., Ind. Eng. Chem. 2, 51 (1964).

Raymond, S., Science 118, 338 (1953).

Raymond, S., Science 128, 1462 (1958).

Reuss, F. F., Memoires cle la Socie'te' Imperiale des
Naturalistes, de Moskou, 2, 327 (1809).

Robinson, and Hogden, J. Bio. Chem. 135, TO7, 727 (1940).

Seibert, F. B., Federation Proc. 17, 1219 (1958).

Singer, S. J., S. N. Timasheff and J. G. Kirkwood J. Am.-
' Chem. Soc. 75, 3124 (1953).

Sorof, S. and M. G. Ott, J. Am. Chem. Soc. 76, 47409
(1954). .

Stam?ergeg, P. and E. Schmiat, British Patent 505752,
1939).

Swensson, H. and E. Valmet, Sci. Tools 211 (1955).

SWen?soEé)H., Advances in Protein Chemistry IV, 251-292
1940).

Tennent, D. M. and M. Kniazuk, Anal. Chem. 24, 1661 (1952).

Timascheff, S. N. and I. Tinoco, Jr., Arch. Blochem.
Biophys. 47, 491 (1952).

Timasheff, S. N., J. B. Shumaker, and J. G. Kirkwood,
Arch. Biochem. Biophys. 47, 455 (1953).

Timasheff, S. N., J. B. Shumaker and J. G. Kirkwood,
Arch. Biochem. Biophys. 47, 455 (1953).




221

64. Verwey, E. J. W., and H. R. Kruyt, Z. Phys. Chem.
(Leipzig) 167 A, 149 (1933).

65. Vichare, G. G. and J. E. Powers, A.I.Ch.E, Journal 7,
650 (1962).

66. Von Halle, E., U. S. Atomic Energy Commission Rept.,
K-1420 (19597

67. Brock, J. R., Chem. Engr. Sci. 13, 207 (1961).

68. Brown, G. R., and A. L. Jones, Petroleum Refiner 39,
156 (1960).

69. Crownover, C. F. and J. E. Powers, A.I.Ch.E. Journal 8,
166 (1962).

70. Frame, H. D. Jr., Anal. Chem. 33, 1741 (Nov. 1961).

71l. QGrasselli, R., G. R. Brown and C. E. Plymale, Chem. Engr.
Progress 57, No. 5 (May 1961).

72. Gupta, H. C., J. Math and Phys. 39, 58-63 (1960).

73. Horne, F. H. and R. J. Bearman, J. Chem. Phys. 37, 2842
(1962).

T4, Lorentz, M. G. and Emery, A. H., Chem. Engr. Science 11,
16 (1959). .

75. Lorentz, M. G., "Thermal Diffusion in Packed Columms",
Purdue Univ. Thesis (Ph.D.), 1960.

76. Treacy, J. C. and Rich, R. E., Ind. Eng. Chem. 47, 1544-7
(1955) .

77. Washal, T. A. and F. W. Melpolder, Ind. Eng. Chem., Chem.
Process Design Development, 26.8 (1962).

78. Bier, Milan, Electrophoresis, Academic Press (1959).

79. Swen?sgﬁé)ﬁ., Advances in Proteln Chemistry IV, 251-292
1 .

80. Electrophoresis of Proteins, Reinhold, New York, 1942.

81. Jone?,gﬂé)c. and W. H. Furry, Rev. Mod. Phys, 18, 151-224
1 .

82. Gill?p;ies L. J. and S. Breck, J. Chem. Phys. 9, 370-4
1941). | _ |

‘83. Whalley, E., Trans. Faraday Soc. 47, 12a (1951).




222 |
84. Bramley, A. and A. K. Brewer, Science 90, 165-6 (1939).

85 Greenberg, D. H., Amino Acids and Proteins, Thomas
Publisher, New York.




APPENDIX A

COLUMN AND SYSTEM PARAMETERS FOR
SETS OF EXPERIMENTAL DATA



224

TABLE A.1l

Column and System Parameters for Sets of Experimental Data

&0 O
ol (3]
] oy
o 2 5
0, Q ot (o]
wn Gy + i
G o o Q
Q o M~ (o} o~
= A < L - x q
3 o Es $ = L P
o) g i °g 3 ek
n e 3 pa c o Mmoo
[\)] (1)) [ O w0 -t &
%) = & m 5 - © oy S
5 5 : z A :
% 3 8 o) [ o ~
22 = = O = o [£3]
No. em. °c cm. oo g Xg%%§
1 0.3018 8.5 10.2 . 0.956 r8.6 0.0423
2 10.3018 8.5 10.2 0.956 8.6 0.1407
3 0.3018 8.5 10.2 0.956 8.6 0.280
4y 0.3018 8.5 10.2 0.956 8.6 0.421
5 0.3018. 0 10.2 0.956 8.6 0.282
6 0.3018 0 10.2 0.956 8.6 0.423
7 0.3018 16.0 10.2 0.956 8.6 0.282
8 0.3018 16.0 10.2 0.956 8.6 0.423
9 0.1354 8.5 10.2 0.956 8.6 0.282
10 0.1354 0 10.2 0.956 8.6 0.282
11 0.1354 8.5 - 10.2 0.956 6.0 0.098

, Note: Column length L
for all experimental runs.

was held constant

at 145 cm.
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TABLE D.1

EXPERIMENTAL DATA SET - 1F

Conditions of Experiment

Field Strength ---- 0.0423 volt/cm.
Temp. Difference -- 8.5°C.

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

STEADY STATE FLOW DATA

Bottom Top Average Bottom Top

Run Flow Flow Flow Concen- Concen- Separation

Rate Rate  Rate ‘tration  tration Factor
PinT  minT  minT  T00RIT 100 nT f

No o o o Cp Cp Cg/Cp -
1 0.295 0.283 0.289 1.102 0.811 1.360
2 0.541 6}501 0.521 1.087 0.826 1.316
3 1.125 1.249 1.187 1.072 0.841 1.275
L 2.765 2.306 2.536 1.051 0.862 1.218
5  3.686 3.721 3.704  1.031 0.881 1.170
6 6.025 6.349 6.187  1.024 0.889 1.152
T 8.801 8.034 8.418 1.020 0.893 1.142
8 8.801 8.034  8.418 0.984 0.929 1.060
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TABLE D

EXPERIMENTAL DATA SET - 2F

Conditions of Experiment

.2

Field Strength ---- 0.141 volt/cm.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

STEADY STATE FLOW DATA

Bottom

0.870

Bottom Top Average " Top
Run Flow - Flow Flow Concen- Concen- Separation
Rate Rate = Rate tration tration Factor
Sy '%%ﬁf minT 00 5L TO0 mL f
No. og op - © Cg Crp Cg/Crp
1 0.584 0.572 0.578 1.269 0.644 1.97
2 1.177  1.083  1.130  1.260  0.653 1.93
3 1.833 2.095 1.964 1.182 0.731 1.618
L 3.035 3.312 3.124 - 1.160 0.753 1.540
5  4.357  4.116  4.237  1.119  0.79% 1.410
6 5.562 6.010 5.781 1.135 0.778 1.460
T 6.897 7.443 T.17 1.059 0,854 1.240
8 | 10.783 12.019 11.401 1.0425 1.198
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TABLE D.3
EXPERIMENTAL DATA SET - 3F

Conditions of Experiment

Field Strength ---- 0.282 volt/cm.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

STEADY STATE FLOW DATA

Bottom Top Average Bottom Top
. —-Run Flow Flow Flow Concen- Concen- Separation
Rate Rate Rate tration ¢tration Factor
pinT  minT  minT  TO0 sIT TOO ST f

No og O c CB \CT CB/bT
1 0.371 0.324 0.348 1.408 0.505 2.79
2 0.487 0.494 0.491 1.368 0.545 2.51
3 1.376 1.217 1.297 1.307 0.605 2.16
L 1.819 2.297  2.058 1.290 0.623 2.07
5 2.723 2.726  2.730  1.267  0.646 1.96
6 3.177 3.009  3.093 1.227 0.686 1.79
7 4 645 4. 650 L.648 1.230 0.683 1.80
- 8 6.438  5.926 6.182 1.215 0.698 1.74
9 7.329 7.681  7.505 1.169  0.744 1.57
10 8.265 10.504  9.385  1.157  0.756 1.53
11 11 11.051 11.691 1.132 0.781 1.45

.931
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TABLE D.4
EXPERIMENTAL DATA SET - 4F

Conditions of Experiment

Field Strength ---- 0. 423 volt/cm.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.3018 cm.

pH of Solution ~--- 8.6

STEADY STATE FLOW DATA

Bottom Top Average Bottom Top

Run Flow Flow Flow Concen- Concen- Separation
Rate Rate Rate tration tration Factor
SaT BT pinT  TOGSI. 100 mL f
No % O o Cg Cp Cp/Cop
1 0.371  0.302  0.337 1.562  0.350 4.46 .
2 ~1.078 0.717 0.898  1.526 - 0.387 3.94
3 1.288 1.313 1;301 - 1.479 0.434’ 3.41.
4 1.163  1.398  1.281  1.481  0.434 3.3
5 2.535 2.475 2.505 1.420 0.432 2.88
6  3.749 2.924  3.337  1.357  0.4g3 2.4
7 4,541 5.680 5.110 1.268 0.556 1.966
8 6.802 6.991 6.897 1.240 0.645 1.843
9  9.331 °11.185 10.258 1.199 O '1.680

.673
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TABLE D.5 -

EXPERIMENTAL DATA SET -'SF

VConditions of Experiment

Field Strength ----
Temp. Difference --
Membrane Spacing --
pH of Solution ----

06282 volt/cm.

o°cC
0.3
8.6

018 cm.

STEADY STATE FLOW DATA

Bottom Top Average Bottom . Top ! .
Run Flow Flow Flow Concen- Concen- Separation
Rate Rate  Rate tration tration Factor
minT  minoc  min. 100 mIT 100 W g
No. op Orp Cq  Cp cB/cT’>
1 0.178  0.162  0.170  1.616  0.297 5.44
2 1.280 1.260 1.270 1.363 0.549. 2.48
-3 2.é53 1.855 2.054 1.225 0.688 1.78
L 3.964 3.397 3.681 1.154 0.759 . 1.521
5 5.057 5.069 5.063  1.066 0.846 1.260
6 6.395 5.780  6.088  1.035  0.877 1.180
T 0.411 0.43 0.421 1.546 0.367 4.21
8 | 0.231 0.214 0.223 1.581 0.332 4.76
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TABLE D.6
EXPERIMENTAL DATA SET - 6F

Conditions of Experiment

Field Strength ---- 0. 423 volL,cm
Temp. Difference -- 0°c -

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

STEADY STATE FLOW DATA

Bottom Top Average Bottom Top

Run Flow Flow Flow Concen- Concen- ‘Separafibn
Rate Rate Rate  tration tration Factor
M shT S wohr Toen !
No o Op o Cg Cp Cg/Crp
1 0.288  0.225  0.257  1.673  0.240 6.47
2 . 0.681 0.800 0.741  1.597  0.316 5.05
3 1.473  1.489  1.981  1.544  0.369 4.18
4 1.473  1.489 - 1.981  1.534  0.379 4.05
5 1.998  2.196  2.097  1.M47  0.416 3.60
6 3.373  3.516  3.445  1.437  0.476 3.020
7 4,288  4.628  4.458  1.372  0.540 2.540
8 5.815 6.121  5.968  1.304  0.609 2.140
9  8.293  8.3%1  8.322  1.194  0.719 1.660
10 11.188 11.372 11.28 1.092  0.821 1.330




232
TABLE D.7
EXPERIMENTAL DATA SET - TF

Conditions of Experiﬁent

Field Strength ---- 0.282 volt/cm.
Temp. Difference -- 16°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

STEADY STATE~FLOH DATA

Bottom Top Average Bottom =~ Top

Run Flow Flow Flow Concen- Concen- Separation
Rate Rate Rate tration tration Factor
gm.  _  gm. gm. gm. gm.
min. min.  min. 100 mi. 100 mi. £

No. - og O o cy Cp Cp/Crp

1 0.223 0.196 0.210 1.407 0.506 2.78
2 0.717 0.727 0.722 1.362 0.551 2.47
3 1.670  2.207 1.939 1.253 0.659 1.90
i 2.151  2.294 2,228 1.204 0.708 1.70
5 3.078 3.484  3.281 1.148  0.765 1.51
6 4,746 4.670 4,708 1.112 0.800 1.39
7 6.211 6.151  6.181 1.109  0.804 1.38
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TABIE D.8
EXPERIMENTAL DATA SET - 8F

Conditions-of Experimeht

Field Strength ---- 0.423 volt/cm.
Temp. Difference -- 16°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

STEADY STATE FLOW DATA.

Top Average Bottom ' Top

Bottom
Run Flow Flow Flow Concen- Concen- Separation
Rate Rate Rate tration ¢tration Factor
gm. 51!1. gm. Sm. gm.
min. min.  min. 100 ml. 7100 mL. £
No. op O o Cg Crp CB/CT |
1 - 0.584 - 0.572 0.578 1.581 0.333 4.74
2 1.173  1.082 1.128 1.536 0.377 4.08
3 1.833 2.098 1.966  1.451  0.462 3.14
I 3.312 3.173 3.243 1.444 0.469 3.08
5 4,537 4,166 4,237 1.413 0.499 2.83
6 5.562 6.010 5.786 1.389 0.524 2.65
7 6.069 6.623 6.346 1.354 0.559 2.42
8 10.783 12.019 11.401 1.319 0.594 2.22
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TABLE D.9

EXPERIMENTAL DATA SET - 9F

Conditions of Experiment

Field Strength ---- O, 282 volt/cm.
Temp. Difference -- 0°C

Membrane Spacing -- 0.1354 cm:

pH of Solution ---- 8.6

STEADY STATE FLOW DATA

Bottom Top Average Botfom Top :

Run Flow Flow Flow Concen- Concen- Separation

Rate Rate Rate tration tration Factor
gm. gm. gm. gm. gm. r
min. min. min. 100 ml. 100 ml.

No.  og O o Oy Crp Cg/Crp
1 0.333 0.283 0.308 1.683 0.229 7.34
2 0.619 0.490 0.555 1.665 0.268 6.13
3 1.347  1.441 1.394  1.575  0.337 4.67
y 2.176  1.859  2.018  1.460  0.453 3.22
5 3.959 3.809 3.884 1.355 0.558 - 2.43
6 L .643 4 415 4,529 1.246 0.666 1.87
7 5.135 5.033  5.084 1.227 0.686 1.79
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TABLE D.10

EXPERIMENTAL DATA SET - 11F

Conditlions of Experiment

Field Strength ---- 0.282 volt/cm.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.1354 cm.

pH of Solution ---- 8.6

STEADY STATE FLOW DATA

Bottom Top Average Bottom Top
Run Flow Flow Flow Concen- Concen- Separation
Rate Rate Rate tration tration Factor
gm. gm. gm. m. gm. o
min. min.  min. 100 ml. 100 ml. f
No. og Op (o] Cp CT ) CB/CT .
1 0.223 0.214 ‘ 0.219 1.652  0.261 6.34
2 1.117 0.981  1.049  1.559  0.354 4.4
3 3.025 2.751 2.889 1.509 0.404 3.74
4 4. 827 4,482 4.655 1.470 0.443 3.32
5 5.467 5.651 5.559 1.427 0.685 2.94
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TABLE D.

11

EXPERIMENTAL DATA SET - 1l1F

Conditions of Experiment

Field Strength ---- 0.282 volt/cem.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.1354 cm.

pH of Solution ---- 6.0

STEADY STATE FLOW DATA

Bottom Top Average Bottom Top
Run Flow Flow Flow Concen- Concen- Separation
Rate' Rate Rate tration ¢tration Factor
gm. gm. gm. gm. gm. '
min. min. _min. 100 ml. 100 ml. £
No. OB UT (0] CB CT CB/CT
1 0.576 0.558 0.56T7 1.051 0.862 1.220
2 1.62 1.572  1.596 1.029  0.886 1.165
3 2.424 2.413 2.419 1.016 0.896 1.;34
L 3.254 | 3.239 3.247 1.001 0.913 1.096
5 4.642  4.840  4.741  0.985  0.928 1.062
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TABLE D-1A
EXPERIMENTAL DATA SET - 1T

Conditions of Experiment

Field Strength ---- 0,0423 volt/cm.
Temp. Difference -- 8.5°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample Bottom ~ Top Separation
No. Time Concentration Concentration Factor
gm. gm...
Minutes 100 mi. 100 mi- f.
CB CB ' CB/ CT
1 30 . 0.985 0.928 1.062
2 45 0.995 0.918 1.083
3 60 1.015 0.898 1.130
4 90 1.063 0.850 1.250
5 120 1.102 0.811 . 1.360
6 180 1.117 0.795 - 1.405
7 2440 1.126 0.787 1.430
8 300 1.124 0.788 - ~1.426
9 360 1.125 ‘0.787 1.428

420 1.126 0.787 o 1.430

st
o
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TABLE D.2A
EXPERIMENTAL DATA SET - 2T

‘Conditions of Experiment

Field Strength ---- 0.141 volt/cm.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample Time Bottom Top Separation
No. Concentration Concentration Factor
hd gm. gm.
Minutes 100 ml. 100 mi. T
Cp Cp Cg/Crp
1 30 1.135 0.7Thi 1.47
2 60 1.244 0.669 1.86
3 120 1.286 . 0.627 2.05
4 180 1.302 0.611 2.13
5 240 1.324 0.589 2.25
6 300 1.321 0.592 2.23
e 360 1.321 0.590 2.234
8 420 1.321 0.584 2.062
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TABLE D.3A
EXPERIMENTAL DATA SET - 3T

Conditions of Experiment

Field Strength ---- 0. 282 volt/cm
Temp. Difference -- 8.5°C ,
Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample | Bottom Top Separation

No. Time Concentration Concentration Factor
Minutes Tﬁ%mﬁTT Tﬁ%m$ff | f

°c Cr Cp/Cr
1 5 1.063 0.850 1.250
2 10 1.205 0.707 1.704
3 30 1.264 0.669 1.946
4 60 1.366 . 0.547 2.500
5 120 1.407 0.506 2.780
6 180 1.453 0.461 3.160
T 240 1.440 0.423 3?520
8 300 1.486 0.427 3.480
9 360 1.485 0.427 3.476
10 L2o 1.492 0.421 3.544
11 480 1.485 0.428 3.472
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TABLE D.4A
EXPERIMENTAL DATA SET - 4T

Conditions of Experiment

Field Strength ---- 0.423 volt/cm.
Temp. Difference -- 8.5°C .
Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

=
Co

Sample Bottom _ Top Separation
- No. Time Concentration Concentration Factor
Minutes 100 or T ST Iy

Cs Cp Cp/Cr
1 5 1.154 0.759 1.52
2 15 1.288 0.625 2.06
3 30 1.414 o.u98‘ 2.86
4 60 1.490 0.423 3.52
5 90 1.554 0.359 4.33

6 120 1.598 - 0.315 5.07
7 180 1.604 0.309 5.19
8 240 1.635 0.278 5.89
| 9 300 1.646 0.266 6.18
10 360 1.641 0.272 6.04
420 1.640 0.272 6.03
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TABLE D.5A

- EXPERIMENTAL DATA SET - 5T

Conditions of Experiment

Field Strength ---- 0.282 volt/cm. -~
Temp. Difference -- 0°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample Bottom Top Separation
No. Time Concentration Concentration Factor
Minutes IG%EEIT Tﬁ%mﬁTT f
Cg Cp Cp/Crp
1 30 1.239 0.6T4 1.84
2 60 1.369 0.543 2.52
3 90 1.469 0.444 3.31
L 120 1.534 0.379 4.05
5 150 1.593 0.319 k.99
6 180 1.632 0.280 5.82
7 240 1.656 0.257 6.44
8 300 1.662 10.251 6.62
9 360 1.661 0.252 6.60
10 420 1.662 0.250 6.64
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TABLE D.6A

EXPERIMENTAL DATA SET - 6T

Conditions of Experiment

Field Strength ---- 0.423 volt/cm.
" Temp. Difference -- 0°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample Botfom Top Separation
No. Time Concentration Concentration Factor
m. m. ’
Minutes Too s 106 o1 £
Cs Crp - Cg/Crp
1 15 1.371 0.542 2.53
2 30 1.533 0.380 4.03
3 5 1.573 0.340 4,63
L 60 1.620 0.292 5.56
5 9 1.669 0.243 . 6.86
6 120 1.688 0.224 7.52
7 180 1.726 0.186 9.26
8 240 1.726 0.187 9.24
9 300 1.725 0.187 9.21




243
TABLE D.TA
EXPERIMENTAL DATA SET - 7T

" Conditions of Experiment

Field Strength -———- 0. 282 volt/cm.
Temp. Difference -- 16°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample Bottom Top Separation

No. Time ~ Concentration Concentration Factor
Minutes Tﬁ%méif' Tﬁ%mﬁff f

Cp Crp Cg/Crp

1 10 | 1.231 0.682 1.805
2 20 ° 1.252 . 0.660 1.896
3 30 1.420 0.493 2.880
b 4s5 1.491 0.421 3.540
5 60 1.541 0.372 4.140
6 90 1.581 0.333 4.740
T 120 1.592 0.321 v 4,960
8 150 1.604 0.313° 5.120
9 180 1.621 0.286 . 5.710
10 240 1.668 0.264 6.230
11 300 1.646 0.266 -~ 6.180
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TABLE D.8A
EXPERIMENTAL DATA SET - 8T

Conditions of Experiment

Field Strength ---- 0.423 volt/cm.
Temp. Difference -- 16°C

Membrane Spacing -- 0.3018 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample Bottom Top Separation

No. Time Concentration Concentration _ Fqctor
' gm. m. '
Minutes oG 100wl f
CB CT CB/ CT
1 5 1.233 0.679 1.830
2 15 1.399 0.514 .2.720
3 30 1,514 0.399 3.800
4 Ii5 1.569 0.344 4,560
5 60 1.627 0.286 5.690
6 90 1.659 0.254 6.540
7 120 1.691 0.221 7.640
8 150 1.700 0.218 7.790
9 300 1.698 0.215 7.894
10 360 - 1.696 0.216 7.840
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TABLE D.9A
EXPERIMENTAL DATA SET - QT;

Conditions of Experiment

Field Strength ---- 0.282 volt/cm.
Temp. Difference -- 0°C

Menmbrane Spacing -- 0.1354 cm.

pH of Solution ,

TRANSIENT BATCH DATA

Sample Bottom _ Top Separation
No. Time Concentration Concentration Factor
Minutes 00 wT- T06 ws f
Cy Cp - Cg/Crp
1 15 1.441 0.472 ' 3.05
2 30 1.626 0.269 . 5.67
3 45 1.689 0.224 7.54
4 60 1.736 0.177 ~ 9.80
5 120 1.751 0.162 10.81
6 180 1.753 0.160 10. 94
7 240 1.758 0.174 10.96
8 300 1.756 0.174 10.95
9 360 1.751 0.162 10.96
10 420 1.756 '0.173 11.02
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TABLE D.10A
EXPERIMENTAL DATA SET - 10T

Condlitions of Experiment

Field Strength ---- 0.282 volt/em.
Temp. Difference -- 8.5°C
Membrane Spacing -- 0.1354 cm.

pH of Solution ---- 8.6

TRANSIENT BATCH DATA

Sample : Bottom - Top Separation

No. Time Concentration Concentration Factor
gm. m.
Minutes 06 w1s T8 1T £
Cs Cop Cg/Crp
1 15 1.532 0.381 4.02
2 30 i.636 0.277 5.90
3 45 1.678 0.235 7.13
4 60 1.696 0.216 7.84
5 120 1.701 0.212 8.04
6 180 1.703 0.210 8.11
7 240 1.703 0.209 8.13
8 300 1.703 0.210 8.11
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TABLE D.11A
EXPERIMENTAL DATA SET - 11T

Conditions of Experiment

Field Strength ---- 0.282 volt/cm.
Temp. Difference -- 8.5°C -
Membrane Spacing -- 0.1354 cm.

pH of Solution ---- 6.0

- TRANSIENT BATCH DATA

Sample Bottom , 'Top~ Separation
No.  Time Concentration Concentration Factor
Zgm. m.
Minutes 6T, 100 mIL f
Cp | Crp Cg/Cop
1 15 1.015 0.898 1.130
2 30 1.045 0.868 1.204
3 60 1.078 0.835 1.290
4 90 1.099 0.814 1.350
5 180 1.120 0.793 1.412
6 300 1.135 _ 0.778 1.460
7 420 1.143 0.770 1.484
8 540 1.138 0.775 1.468
9 660 1.137 0.776 1.465
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TABLE A.2

Physical Properties of Bovine Albumin Solution

Property or Other Item Value

Concentration of bovine albumin in

solution 0.956 gm./100 ml.
Density of solution at pH 8.6 3
(Boric acid-Borax Buffer) 1.024 gm./cm.
Density of solution at pH 6.0 3
(Phosphate Buffer) 1.044 gm./cm.
Viscosity of solution at pH 8.6 and

at a temperature of 281.25°K 1.4348.C.P.
Viscosity of solution at pH 8.6 and -7
at a temperature of 285°K 1.295 C.P.
Viscosity of solution at pH 8. 6 and

at a temperature of 277°K 1.626 C.P.
Viscosity of solution at pH 6.0 and

at a temperature of 285.25°K - 1.445 C.P.
Diffusion Coefficient of Bovine 5 o .
Albumin at 20°C 5.9x 107”7 em.%/sec.
Coefficient of density increment : 3

(for plasma proteins) 0.25 gm./cm.r-gm.
Electrophoretic mobility of -5 5
bovine albumin at pH 8.6 -6.3x10 © em.“/volt-sec.
'Electrophoretic mobility of 5

bovine albumin at pH 6.0 -2.2x 10 cm.e/volt—sec.
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Note:

Values for the dens;ty p and the viscosity n of Bovine
Albumin Solution were determined in laboratory. The values
of the temperature coefficient of expansion B = - ( %%
~were obtained by determining the slopes of the
temperature-density data for water given in Perry's Handbook
for Chemical Engineers (1). Data presented by Greenberg (2)
were the sources of diffusion coefficient values. Mobilities

were obtained from the book "Electrophoresis of Proteins" (3).

References:

(1) Chemical Engineer's Handbook, McGraw-Hill Book Co.,
New York, 1903.

(2) Greenberg, D. M., Amino Acids and Proteins, Thomas
Publisher, New York.

(3) Electrophoresis of Proteins, H. A. Abramson, Reinhold
Publications Corporation,- 1942,
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Sample Calculations

Estimation of Average H for a Set of Data
Set 9 is chosen to illustrate this calculation. A

_value of A = HL/2K was calculated first using the relation:

C
( 5§'> 0 = e2A - 5.1

0 and when steady state is achieved.

when g

A= -1.15 x log CB/CT

= 1.21

Then for each steady state flow run of the set, the
procedure of»caiculation explained in Chapter V was followed.
A value of H was assuﬁed and for the above value of A and for
the assumed value of H, the separation factor CB/CT was

"calculated.’ If this value did not agree closely with the

experimental value the calculation was repeated for a new
assumed value of H. When agreement occurred, that H value
was taken as appropriate value for that run. Similar |
calculations were done for the other observations. Table

below gives the calculations for set 9.



Assumed
. Value -of
Flow H for
Rate final
o gm./min.
0.308 1.024
0.555 1.180
1.394 1.782
2.018 1.412
3.884 1.827
4,529 1.412
5.084 1.482
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TABLE A.3
Cogputed
C
(C%>° <§% exp

(oo s

0.809
0.676
0.515
0.360
0.264
Q.208
0.201

(o
0 T Z0=0
0.811
0.678
0.516
0.356

0.257
0.206

0.198

Expt
Cp
Cp

T.34

6.130
4.670
3.220
2.430
1.870
1.790

Average value of H is 1.448 gm./min.

Co

mputed
CB

Cp

7
6
4
3.
2
1
1

.326
.127
.658
260
.396
.889°
.820

Using the value of A and average H obtalned in the

above manner, the separation factors were calculated as a

function of flow rate and are shown on Figure A-1 along with

the experimental separation factors.

excellent and therefore assumed values of A and H are

satisfactory. Knowing A and H, Kexp

where Hex

Kéxp

p

_ Hexp X Lp

2A

1.448 x 145.0

2 x 1.2

87.5 gm.-cm./min.

1.448 gm./min.

The fit obtalned is

can be calculated as:
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Calculation 2 -

Sample Calculation of KE and HE

0.3UEBGC, :f (2w)®
D

. Be ( &.
A: KE theoretical = D <TI g

E = 0.282 volt/cm.
Bc = 0.25 gm./cm.3-gm.
P = 1.024 gm./cm.3
g = 980 cm;/sec.Q
B = 10.2 cm.
U= -6.3 x 107 cm.2/sec./volt

C. = 0.009382 mass fraction
2w = 0.1354 cm.
D = 4.18 x.10™° cm.2/sec.
n = 1.4348 x 10 gm./cm.-sec.
When these values are substituted in the-aone eqﬁation along
with a factor of 60 sec. /min., the result is

K theoretical = 309.43 gm.-cm./min..

B: Hp theoretical = Bp (‘ ) ( 0. 3UEBCC° ) (g?)s

When appropriate values of the variables are substituted
along with a factor of_60 sec./min., the result is:
H = 2.9926 gm./min.

From previous sample calculation
(HE)exp = 1.448 gm./min.

Therefore @, = %;%%g-; 0.363



256
Calculat199 of ¢k:

1.25
®y

P

1.25.
K

= 0.281

(0.363)

Calculations of other constants could be done in the same

manner.
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APPENDIX E

List of Assumptions

The assumptions that were made in the development of

equation are given below. They were used as and when required

in the development of the theory. The equations used to

compare theory and experiment are summarized following this

- 1ist.

10.
11.

12.

Assumptions Used in Derivation of Transport Equation
Field strength E is constant.
T =T (x) only and 4T tan be replaced by aT
dx dx °
Any variance in the direction normal to x-y plane may be

neglected.

Temperature and concentration dependence of D, U, aj, Bnp

and Bc can be ignored.

The temperature level T can be replaced by its integrated
average value T.

v = v(x) only.

¢ _ o (steady state)

ot ) : ‘ :

The column width B is constant in any one section.

2
The vertical diffusion term D %;g-is small compared to
the convective velocity term, v($) g% '

Laminar flow conditions exist between the plates..
g% is independent of x (basis of development by FJO).
Concentration of mobile component is smallb(dilute

solution). |,
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13. A mean density p can be used to convert the volumetric

flow rates to mass flow rates.

14. The product Clés is not a function of x.

15. C - mean concentration at x = O is satisfactory in

defining y dependence of composition.

a, AT
16. The term —18__ << 2? and therefore can be neglected.

T. 2w

~ Assumptions for the Flow Case

1 Cg =1
2 O'B=O'T=0
3. Lpop = Ipot = L/2
b Brop = Bottom
Equations Used to Compare Theory and Experiment
All equations are based on the assumption that Cg = 1
1l. Steady state separation factor:
r(1-3)
( i) (1+3)
B _\° _H ' H
Cr -A ( 1+ 9-)
(e ) (-
. tE " H
2. Batch steady state:
(R0
3. Transient batch separation factor:
CB/CT=
o @ 2n2 _n2n2+A2t
2A A n n n+l -A a
e ™ +2e (" - 1) -1) [11 -1 e
. ( _ (n2ﬂ2+A2)2 ( (-1) ]
n2n2+A2t
11-2(e -l) 2& 55 [l n+1e—A_]
(n ne 4+ A )
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APPENDIX F

Discussion of Kifkwood's Theory and Some Remarks on Its

Application to Columns Without Reservoirs

Kirkwood and his associates developed a mathematical
theory of transport in an electrophoresis column with
" reservoirs which was valid under certain limiting and ideal
conditions. Since the assumed conditions were only
approximately realized in his experiment, exact gquantitative
agreeﬁént with the theory was not expected. However, since
it ylelds times of transport and separation factors of correct
magnitude, the theory was useful as gulde in designing -
equipment and planning fractionations. Temperature was not
taken into account because it was found to be unnecessary.

In developing the theory they made the following

assqutions:

‘ o (i)>fhere»1s no thermodynamic interaction between
the mobile components, and they obey ideal
diffusion laws.

(11) The flow in the vertical channel is laminar and

"the following relations &are satisfied:

U Ea
gax << 1
min
h
I << ]

4D t
2= (appetty )
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where a is the channel width, 4 its length, E the electric
field strength, C, the total protein cbncentration, N and p
viscosity and density of solvent, and g the acceleration of
gravity. Uﬁax is the absolute magnitude of the greatest of
the mobilities of the components and Dmin and D..x are the
smallest andjiargest values of the diffusion constants of

op '
the components. Qnin 18 the least value of ( EEK)T,P of the“

components.

Investigation of Transport in the Channel
The system of coordinates and the principles of batch

apparatus used by Kirkwood and his associates are shown in '
Figure A-2. The problem was to 1hvestigate the transpofﬁ of
a s&stem of lons at concentrations Cl’ 02, . .. CK in a
conducting solvent by concentration, diffusion and electrical
migration in a vertical rectangular cﬁannelrof‘width a,
length 4, connecting two reservoirs of volume V. An electric
field E volts/cm. 1is applied across the membranes.

The general equations of transport as written down

by Kirkwood are:

p %% = -pgfz - VP 4 TV 4 g»vvﬁ la

3C -
K - o . —
st =" {pchK - (UE + V)CK} ; K=1.. .n lc

where the different’symbols mean the following:
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v - convective velocity of the solutlon
p - density of éolution
N - coefficient of viscosity
D - the diffusion constant
U, - electrophoretié mobility of the ion constituent K

g - acceleration due tc gravity '

I, - unit vector in the z direction
Equations la, 1b and 1lc are to be solved subject to the
following boundary conditions: |

(1) v = 0 at the channel walls

(11) Cx(UxE + ¥) - D¥Cx = O at the channel walls

The edge and end effects will be ignored. The reduced

variables are now introduced as follows:

X = x/a
-4 <x <43
z =2 /L

0<z<1

After suitable mathematical manipulation by
introducing equations 2 into 1 and assuming that terms
involving a2/L2 are negligible, the following equations are

: . oC
obtained for the quasi-stationary case dau _ 0, K = 0

dt dt
2y _ } OgPoga Xy 34
axj K=1 n ox
1/ 9 ‘
o = 3 (56 ) 3ov=(4,2) =0 3b
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3C aUyE 2, 3C
d K K a“v 9Ck _ _
3 N 3x Dy ok ) Dy 3z K=1. v 3e
3C,  aU.EC
K K=Ck o
ox D 0 x = 24 3d

The horiéontal component of convective velocity as well as
terms involving vertical diffusion are neglected since they
are of the order of a2/£2, relative to the terms retained.
The solutions are sufficliently dilute, therefore'aK can be
considered constant.

Equations 3 are nonlinear but become linear in the
first order when v and CK are expanded in powers of field

strength E, in the form:

3 o
v =25 ) (Y EE ) ) & + 0@?) 5a
1 £ Dy
Ok = Cory(z) 4 UKa x @ (x,2) 4 (0(E%)) 5b
1) .

=..KZl gKUK 5¢
g, (z) = - | 5d

K Z%CL"L

r Du

ZQKCI%)‘K
A(z) x Se
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where O(Ee) means terms depending upon second and higher
powers of field strength E and C; 1s the initiél uniform
concentration. |

U(l) - mean value of the mobility with respect to -~

distribution function gK. |

Differentiating equation 3 with respect Lo x and then

substituting the power series, glven by equation 5, into the

' résulting equation ylelds:

L n :
74 47 =0 6a
dx '
3
F(i}) = o ( &F =1 6b
( dx3->n=i%
B B . B . -
Fx) = 1 sin 5 sinh 5 - sin 5 sin Bx >y
ng sin B cosh 2-4 sin g cos-E
2 2 2 2
B = (1+1)8, 6d
4 a4 dX
BO = ——E.a? 6e
h
h = [ Ant ] .- Bbf

o
pog ELQKCK/DK
K

Use of the pqwér series E, of equation 5 in remaining equation
3, yields after integration of the equation for each Cgx from

-5 to x

(1)
d dx
"“‘d:K = A (z) - EK A g G(x) . T
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y X
o(x) = 48, | F(x) dx To
3

8in gjcosh Bx 4+ sinh g cos Bx

Tec
8in g-cosh g 4 s8inh g cos g

CG(x) =1 -

The total current of any component K following in the negative

z direction through section of the channel of breadth b is

glven by:
13
J = -ab S Cyv dx 8a
-3
and also
+
vdx =0 8b

P

Equation 8b denotes that for batch operation, the net flow
through the column 1is zero.
By partially integrating equation 8a and using

relations of equation 5‘to T, one obtains:

(1) o -
ablU U C d
= ( 5 SG(X) d:" dx + O(E)® 9

Evaluation of integral in equation 3 yields the result:

o abLU(l)cﬁuker O )' ey X dAg
TUR(CE) YT Ty @
(1) dx

<T—:;§Tj%'[x ok~ H""—'Kl HIE'] } | - 10a
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2 B, 2B 2 Bo o Bo
sinh - co8 1?-4 cosh ET'Sin 5
where K = 10b
o Bo Bo Bo Bo

s8inh - cosh > + 8in 3 cos 5

28 sinh B_ sin B
K, = K, - o o ° 10c

°© 5 [sinn Bo + 8in 80]2

Equation 10a 18 the equation obtained by Kirkwood and
assoclates for the transport of a comﬁonent in a vertical
parallel membrane column in a multicomponent system.

Thg above can further be simplified by the assuﬁption

that functions Kl and Ko can be approximated by unity if

dx RN
-az>(t;>- ~ 11
and therefore: .
abty(Hyecl B2 e s Ay
Jdy = - A (2Z) - A
K dx’ K dA
(&) ®
| (1) dx
2h 1 5 U K
- T 7Tax %-[*K"H'UK ] } | 12
. dz ’

After_this,'Kirkwood and associates proceed with application
-of the above equation to the case of electrophoresis column
with reservoirs. The original paper may be consulted for
further details of this develppment.

At present thé application df the above equation to
the case of columns wirhout reservoirs‘is of special interest.

and will therefore now be considered.
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When both sides of equation 12 are summed over all
ion constituents, the initial term independent of h/a vanish

and we have:

(1)2 22 m %y

(o]
jogmw E ¥ °k 138
- d\ \5/4 D
- Kel
8 ,
a_ ¢ o(1) 875,85 N
dz Uilf / L :
0 _ 4
(1)2 2 S
hbtU, = E @ agxCp -4/5
where L= [ 57 KEA -DE—-] 13c

The above'equation was derivéd ﬁith the assumption 0f 
quasistationary state in which the velocity and concentrations
were assumed to be functions only of vertical and~horizon€al
position and did not change with time in the vertical channel
connecting the two reservoirs. This transport was then
subjected to a bqundary condition allowing a slow accumulation
or depletion of material in the reservoirs. The solution éf
the above equation with this boundary condition (which changé
slowly with time) describgd the transport of a mobile
-component from the top to the bottom reservoir. The
assumption of quasistationary stafe therefore impliés that

at thé ends of the channel, the concentrations must be variant
and the net flui down the column must be of finite magnitude.
The assumptibn of stationary state results in an invariant

-concentration at the ends and requires a constant flux down
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the column. However, the net flux (total current &) at the
ends of the column must be zero at steady state for columns
without reservoirs, and since in this condition &K are
independent of z, the net flux everyﬁhere becomes zero.
Kirkwood 's above results cannot accommodate such a boundary
condition since if J = 0, then X = 0, which means no
separation would result. Since this is meaningless, it is
concluded that for the batch steady state as well as
transient case Kirkwood's theory is inapplicable for the case
of continuous flow operation of tie columh.

In case of flow case, the currents JK are of finite
values of say OCK. In this case, the equation appears to be
valid for 0 > 0. However, it would not be general description
of the electrophoresis process since the flow case should
yleld the expression for batch steady state as the external
flow apprcaches zero and it 1s established above that at thiS.
condition, Kirkwood's equations cannot be solved.

It is therefore concluded that the Kirkwood's
procedure of linearization of the equafions, based on the
éssumption of quasistationary state cannot be used to dgscribe
a batch or continuous-flow electrophoresis columnAﬁiﬁﬁout'
reservoirs since 1in both cases it 1s impossible to satisfy
the condition thét J = 0 at both ends of the column and still
give a valid soiution of the equation.

Therefore, only remaining way is to solve the
nonlinearized original partial differential equations

numerically. This procedure, howe#er, is tedious and must
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therefore yield to some other simpler procedure. Such a
procedure is that of Furry, Jones and Onsager, which was
utilized to describe the electrophoresis column after
simplifying the system under study by making certain

assumptions. This development has been discussed in detail

in Chapter III.
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APPENDIX G

General Review of Electrophoresis

In Chapter II of this thesis a review of the
literature pertaining to "prepa;ative electrophoresis” as
applied to large scéle preparation has been given. However,
electrophoresis has been mostly used éxtensively for small
scale preparation, for analytical and characterization
purposes in many different ways. The literature 1in this
field is enormous and its total review as a part of this
thesis is not considered appropriate. However, a short
sum@afy is given below as a handy reference with this thesis
to give a general 1déa of the work which is done or is being
done in this vast field of electrophoresis. Reviews and
testbooks on some or all aspects of electrophoresis are
readily avallable for detailed information (1,2,3,4,5).

Processes going on between the electrodes due to
electrical force fields are termed either Electrophoresis o=
Ionophoresis. Ever since their discovery by Reuss (55 in
1808, they have been used in several fields of study.
Ionophoresis relates to Crystalloids while in Electrophoresis
one has éither colloids or microscopic particles under
observation. The principle of hoth of these is, however,
the Same. Electrophoresis,inVOIQes the migration of charged
(positively or negatively) particles'ér molecules in solution
towards électrodes bearing opposite charges when direct

current potential field is applied across the solution. The
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particles move not only in different direction but at
different velocities depehding upon the values of their
electrical mobilities in the given medium. The usual
objectives of Electrophoresis experiments are: (1) to obtain
informétion on the electrical double layers surrounding the
charged particles, (ii) the analysis and characterization of
mixtures or their separation of constituents from their
solution.

The electrical mobility of an ion or charged particle
is a - function of the viscosity of the medium, and size, shape
and concentration of the particles or ions in solution, which
play the.usual hydrodynamic role, the pH and concentration
of the electrolyte. Therefore, in essence electrophoretic
separation depends upon the difference in rate and direction-
of migration of different components. The electrophoretic
method is pbtentially very elegant and efficient method of
separation since it can separate substances which are either
chemically similar or too mobile to be separated by any other
method. Widespread application of Electrophoresis as an
analytical as well as separational tool covers such diverse
fields as Biology, Biochemistry, Pathology and Physical
Chemistry. Outstanding contributions have been made in the
analysis.and characterization of fluids as blood sera, plasma,
heﬁdglobin, egg and milk components and several types of
tissue components. Experimental obser#ations are very often
reported. |

The electrophoretic methods described in literature
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are generally classified into the following general groups:
(a) Moving Boundary Electrophoresis.
(b) Paper electrophoresis.
(¢) Zone electrophoresis with or without supporting
media.

(d) Preparative Electrophoresis.

Moving Boundary Electrophoresis

It consists of forming a boundary between the
macromolecular solution to be studied and a suitable buffer
solution. Once the sharp boundary has been formed, an
electric field is applied and 1f the solution containe a
number of different molecular species, the originally sharp
boundary will spread and finally split into a number of
distinct boﬁndariee moving with velocities characteristic of
the different types of boundaries. The movement of boundaries
is followed by a suitable optional technique (8,13,7). This
method allows determination of mobilities, the’identification
of the constituents and under certaln conditidns separation.
This method suffers from the fact that complete separation.

is never achieved.

"Microscopic Method

An excellent review of the method and its application
are given by‘érinton and Lauffer (11). The method consists
in direct observation df-microscopicelly vis;ble particles
as they migrate under the influence of an electric field.

The particles are suspended in a suitable solution and placed
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in a flat or cylindrical transparent cell through which
direct current 1s passed. This enables study and
characterization of the particles of microscopic size like
bacteria, erythrocytes, viruses and colloids. This method
could not of course be émployed for preparative purposes.
Numerous papers havé been published on the use of this method
and the reader is again referred to the above mentioned

references for detaills.

Analytical Method

After Hittorf (9,12) first observed concentration
changes on passage of a current_in a solution, this method
has beenJ;ubsequently used to advantage in many’'problems.
This method élthough useful in some special applications (9)
is not useful for preparative purposes.

Even before adaption of the electrophoresis meﬁﬁod
for analysis by Tiéelius (6) there were numerous attempts to
utilize it for small scale preparative purposes. Concurrent
attempts at preparative electrophoresis by compartment type
appafatus from 1912 to 19408 have been reviewed by Swensson
(10). The period which followed has witnessed a colldsal
development of different types of electrophpretic apparatus.

The existing apparatﬁs can be classified as follows:

(1) Free Electrophoresis (2) Moving Boﬁndary.

The Moving Boundary Method
If concentration gradients are present initially in

the liquid portion of .the circult, these are generally
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affected by the passage of the direct current. This 1s the

moving boundary method for the study of electrophoretic
behavior of the proteins. Separations are carried out in a
U-shaped channel and because of migration of proteins density
gradients are formed in the solution medium. Different
proteins concentrate in different regions because of which
the density and refractive index of the regions of fhe
solution change. These are observed by optical methods such
as Achlieren. Convective circulation 1s avoided by creating
density gradients 1in such é manner that lighter soluti&n is
on the tob of the denser portion of the solution at each
boundary. This stabilizatlon of the boundary system with
respect to gravity by density increments is characteristic
of moving boundary method. It 1s also sometimes referred to
as free electrophoresis or Tiselius method. Complete
separations are not generally possible. Slowest and faster
~moving proteins separate from each other but others form
overlépping boundaries.

The technique of‘moving boundary method has been
fully described by Alberty (15). This method has been
identified with Tiselius (16,17) but many other workers have"
contributed to its developﬁent and improvement (18). Few
attempts were made to employ this method for preparative
purposes. Its use for analytical work is however standardized
one and is invariably made use of in determining concentrations

of amino acids, protein constituents and their electric

mobilities.
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Zone Electrophoresis
The technique of causing accumulation of various
components 1in different regions of solution space is called
zone electrophoresis. A variety of method has. been develoﬁed
to complete separation'of proteins into sharp zones. This
is achieved by preconditioning the supporting medium in
* various ways. ObJject 1s to obtain gravitational stabllity
of the zones. The first method involves creation of a
gravitationally stable density gradient in a vertica;
direction by apppopriate admixture of the buffer solution
and the same liquid admixed with a non-electrolyte.added to
increase the density. ‘Convection is thus avoided by having
a negative gradient (22-24). The density increments of the
solutions to be §eparated are now undesirable. As the
separation proéeeds, no positive density gradients should
develop. The method requires small amounts of samples for
analysis. Another method is to superimpose a pH gradient
on the density gradient prior to electrophoresis as suggested
by Kolin (25). One then obtains what are termed isoelectric
spectra. A profein cbﬁcentraﬁes on migration ap the level
in solution at which it 1s 1scelectric. Thus proteins of
- different isoelectric points concentrate at different levels
and concentration accompanlies separation.
Yet another method of zone electrophoresis is to
superimpose a conductivity gradient on the density gradient
and to obtain mobility spectra of Kolin.

In another type of zone electrophoresis the medium
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is stabilized against convective mixing by using solid packing
instead of gravity. Several materials such as glass spheres,
foam rubber, paper, starch, agar, gelatin, etc. have been
used as packing materials. This method also serves as an
analytical tool.

Free electrophoresis has also been adapted for
recovery of pure proteins in small amounts. The amount of
pure material that can be recovered is limited, howeQer. An
improvement is obtained by using movemént of the boundaries
against the flow of solution in theropposite direction. The
boundary 1is given an appgrent velocity by injection or by
withdrawal. This 1sA£ermed as counter-current electrophoresis.
It has been used in the resolution of proteins; Tiselius'
apparatus has been mddified for continuous removal of a
fraction as it'is separated electrophoretically. The method

is not, however, useful for large scale operation.

Paper Electrophoresis
Filter paper electrophoresis is described in detail
in a number of books and manuals (26). The first indication

of using "paper"” as a supporting medium was given by Konig
in 1939 (24). The papef electrophoresis has been used in
very many forms of techniques. Noteworthy contributions have
come from symporium Ulrecht (28). Antonini and Piva (29),
Wunderley (30), Fischer (31), Kirk and Duggan (32), Dﬁrram
(27,33,34). The various techniques, however, differ only in

minor details.
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Paper electrophoresis has also been adopted for
_ preparative separations. A number of continuous flow
apparatus have been developed and differ onl& in minor
details (30,38). In essence, the protein mixture is made to
flow within a narrbw streak down a vertical or inclined sheet
of filter paper with a buffer solution of appropriate pH as
background electrolyte. Under the action of transverse
electric field different proteln fractions spread out into
indivi@ual strips. The separated components drip from the
edge of the paper which is serrated specially for the purpose.
The capacity of paper electrophoresis is very low and
therefore it is uﬁsuitéble for large scale preparation.
The 1mporténce of paper electrophoresis can be easily judged
from the enormous amount of work in that field. C. H.
Wunderley has listed 239 references (39). Paper
electrophoresis carried out carefully and with automatic
technique is capable of giving reliable reproduction of the

results.

Electrophoresis with Supporting Media
Investigations concerned with the developmént of new
supporting media for electrophoresié separation continues
-unabated. This development has been stimulated by an effort
to avold limitations of filter paper electrophoresis and to
obtain large scale separation. Several methods are used to
suppress convection. These include tubes or columns packed °

with asbestos fiber, glass powder, grannular starch, filter
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papér; cellulose and polyvinyl particles. Methods for the
use of supporting media are as follows:

(1) Open block or trough system

(2) Horizontal half cylinder method

(3) Vertical column electrophoresis

(4) Segmented sponge electropPoresis

(5) Gel electrophoresis

Open Block or Trough Method

This 1is thé commonest method and has been used mainly
for rapid analysls of small samples. The‘method consists
simply of packed material on a giasglor plexiglass plate
across which D.C. electric fileld canAbe appl;ed, Various
ways of preparation have been éuggested (40-42). The
limitations of this method are numerous. Separation depends
upon the experience and technique of the investigator.

Simplicity however has resulted in its wide application.

Horizontal Half Cylinder Method
’This‘is very simple and requires little special
equipment (43-44). Two curved.cylindrical troughs are used.
It can be adapted to preparative scale but is useful only for
small scale analysis. This method has been utilized for the

determination of isoelectric points conveniently.

Vertical Column Electrophorésis

Several researchers have described electrophoresis

methods using vertical columns (45) and treated this subject
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theoretically. The most widely used procedure 18 that
suggested by Porath (46,48) and Flodin and Kupke (47). The
usual colunns are 105 cm. in length and 3.4 cm. wide. But
considerably large types have been used. Use of such columns
indicates probablility of lafge scale preparatiﬁe
electrophoresis but heating effects producing asymetrical
effects represent a‘serious limitation. Porath has most
recently studied temperature distribution within cylindrical
electrophoresis column of large capacities to explore the
possibility of large scale operation (48). The greateét
advantage of column procedure is the ready recovery of
material after electrophoretic separation. In this separation
it resembles column.chromatography. Despite the limitations
and relative complexity of the apparatus required, this

column electrophoreéis promises a great many applications.

-

Continuous Flow Method

The application of this principle to continuous
electrophoresis was done by Durrum et al. (49) and received
widest application. A number of modiflications are used
(50-51). Other supporting media have been applied by other
workers such as Brattsten (53,54) whose apparatus is.complex
but he has been able to remove most of the pitfalis of
continuous flow in electrophoresis. A simplified apparétus
has been described by Bradish and Smart (55) which elimi_na'ceé,~
multiple inflow tubes. Brattsten's appapq;usfhés;tﬁejCOmbined

advantage of capacity and separating powéf..
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Segmented Sponge Method
Application of this method which uses sheets of foam
rubber (56) as the supborting medium is very difficult from
point of operation. Main advantage is the case of obtaining
samples by éimply squeezing out the sponge segments following
électnpphoretic separation. Convection is a problem because

of large pore:size;

Gei'Electrophoresis
Many methods of electrophoretic separation in gelé
have been reported (57,58). They differ essentially in the
type of gel used, concentration of the gel and the presence
or absence of filler substances. @(Gels used by different

workers are of four types.

Simple Agar

This method is primarily analytical but isolation of
separated fractionsM;s possible. Thus Faure and his
assoclates (59) were able to recover various types of
hemaglutinins. A procedure for preparative electrophoresis
has been described by Kawarau (60) who employed a
semi-continuous sy§t¢m. Eluiq Agar has been used by Ressler
““and colworke;s;(El) w@iiejEéfnfeid:and-Niséélbéﬁm'(62) used
°stdrchigels in low concenﬁraﬁioh for isoiétidn;ofi}é1§t1§eiy
large amounts of serum proteins. Smithies aﬁd Poulik (§3),
have used concentrated starch gels for separation of séruﬁ

proteins but much more work needs to be done to see its

applicability to large scale isolation work.
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Most of the equipment described above 1is a baﬁch type
or low flow apparatus. The main objective is the preparation
cf small amount of pure sample for analysis and characterization.
The main feature of all this apparatus is that an attempt is

done to eliminate convection.
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