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SUMMARY

The operation of continuous-flow, support-free electrophoretic separators of
the Philpot thin-layer configuration (i.e. thin in the direction of electrophoretic migra-
tion) is modelled with the simplifying assumptions of’: (i) solution properties uniform
(except for electrophoretic mobility) and not affected by temperature; (ii) zero
thermal resistance of the separator walls; (iii) plug flow; and (iv) diffusion as the only
zone-broadening influence. It is shown for both adiabatically operated and cooled
separators that the four main operational variables, viz. maximum temperature,
resolving power, processing rate and separator size, are in each case inseparably united
in a single relationship. These relationships indicate on the one hand that certain
separations would be impossible in apparatus of this sort because of the high
temperatures that would necessarily be involved, while on the other that the
processing capacity with permitted separations would be increased indefinitely by
narrowing of the separator in the direction of elecirophoretic migration. The
significance of these findings for real, large-scale electrophoretic separators is dis-
cussed.

INTRODUCTION

On a micro scale, zone electrophoresis in its many variants is an excellent and
widely used technique for the separation of ionic materials in solution: it has proved
especially useful for proteins, nucleic acids and other polymeric biologicals that are not
readily separable without damage by the classical amalytical methods. However,
most attempts to scale-up this process for preparative use have been disappointing,
largely because of the problems involved in the dissipation of the increased ohmic
heat that is produced. Whereas most workers have approached this shortcoming by
concentrating on efficiency of cooling, few have considered the alternative, viz. mini-
mising heat production, in spite of the elegant exposition of the implications of this
approach in a short paper by Philpot! as early as 1940.

Philpot considered the continuous, support-free configuration for zone elec-
trophoresis represented in Fig. 1, a configuration which has been the basis for many
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Fig. 1. Diagram of model separator; see text for explapation.

actual working models''. In this variant the sample solution for analysis, S, is
pumped into the rectangular separator sandwiched between zones of electrolyte, B,
which are pumped in on either side. Under the influence of the electric field, E, the
sample components (two, S, and S,, shown in the diagram) are deflected from the
straight course through the separator to an extent dependent on their individual
electrophoretic mobilities. Providing that these deflections are not equal, the com-
ponent zones diverge, emerging more or less separately from the top of the apparatus.

To understand how ohmic heating might be minimised in this separator, it is
insiructive to consider what would happen if it were narrowed in the particular sense
of w being reduced. To simplify the following argument it is assumed that throughout
the separator (i) the intrinsic solution properties (thermal and electrical conductivity,
specific heat, etc.) are uniform and (ii) the liquid flow is uniform in magnitude and
direction (plug flow). With the proviso of linearity of zone-broadening discussed
below, it is evident that if w were reduced while all other factors were kept constant
(i.e. separator length and depth, potential gradient of the electric field, pumping rates
of B and S, and the nuraber of outlets), then the S, and S, zones would be narrowed
proportionately and the resolution of these components not altered. It is to be
noticed particularly that the sample throughput, proportional to the pumping rate
of S, would not be reduced. However, the ohmic heat production per unit time (or,
what amounts to the same thing, per unit of sample throughput) would be reduced
in proportion to the narrowing. Thus, as far as heat production goes, it would seem
to be advantageous to work with very narrow separators.

Narrowing would have two other important advantages. Firstly, passage-time
for the solutions through the separator would be proportionately less so that con-
vective and possibly other disturbances to uniform flow would have less time to
develop. And secondly, if the separator were narrow enough, cooling could be
applied to its right- and left-hand sides rather than, as is more usually done, to the
front and back. In this way the depth of the separator, 4, would be freed from the
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need for it to be small for the szke of cooling and this dimension could be increased
indefinitely with a proportionate increase in processing capacity, an increase which
could, without undue enlargement of the apparatus, be of the order of hundreds of
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times relative to the capacity of existing apparatus with the conventional (cooled-

front-and-back, Hannig-type’) configuration. Still further narrowing of such (cooled-
at-the-sides) apparatus would, according to the argument developed above, lead to
even lower rates of heat production as well as to an increased efficiency of cooling,
tendencies that would seem to provide an infinite possibility for reducing the problem
of ohmic heat production and therefore for scaling up.

However, implicit in the above argument is the assumption that the widths of
the S, and S, zones at the output end of the separator would be reduced in proportion
to the narrowing. One component of zone-broadening that would not conform to
this requirement is diffusion. The width of a narrow diffusing zone increases
approximately with the square-root of time and is almost independent of the initial
width of the zone. Therefore, halving, for example, the width of a2 narrow separator
would halve the passage time but reduce the width of the sample zone at the output
end by a factor of only ca. 1/4/2 = 0.707, so that narrowing would lead to this zone
occupying a greater proportion of the width of the separator. Thus, while narrowing
at constant throughput and voltage gradient would lead to less heat production, in the
face of diffusion it would also eventually lead to an unacceptable loss of resolution,
and because diffusion is irreducible in principle this effect would censtitute a funda-
mental limitation in separator design.

Using essentially this approach, Philpot! considered whether by narrowing the
model separator shown in Fig. 1 it might be possible to reduce ohmic heat production
to such an extent that all of the heat could be taken up by the flowing solutions themsel-
ves to result in a harmless temperature rise, obviating altogether the need for cooling.
In formulating rate of heat production in a separator operating to produce, in the
face of diffusion, a 959/ separation of the two hypothetical components, he derived
the expression

AT = 1.38kD/om?

relating A7, the increase in temperature of the solutions that occurs as they traverse
the (adiabatically operated) separator, to &, the specific electrical conductance of the
solutions (taken to be the same for B and S), D, the diffusion constant of the two
sample components (taken to be the same for both), and dm, the difference between
the electrophoretic mobilities of the two sample components. Philpot’s conclusion
was that a given degree of separation of the sample components would involve a
certain expenditure of electrical energy per unit throughput of sample (proportional
to adiabatic temperature rise) which would be determined entirely by solution
parameters of the system and independent of the dimensions of the apparatus. Or, in
other words, that there would be a one-tc-one relationship, independent of separator
dimensions, between heat production and resolution. Philpot calculated that as a
consequence of this certain separations would be impossible in adiabatic apparatus
because of the extent of the heating that would necessarily be involved, but at the
same time that many useful separations would not be precluded by this effect.
However, Philpot’s published analysis was based on a conveniently simple
but approximate expression for diffusion, which would apply strictly only to the
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limiting situation in which the initial sample zone width and therefore the processing
rate were both vanishingly small, his treatment of finite sample zones and finite
processing rates, as well as of the effects of cooling, being rather cursory. Therefore
the present study was undertaken to extend Philpot’s analysis to cover explicitly the
case of finite sample zones. It will be shown that, for both cooled-at-the-sides
separators conforming to the above model, and for those operated adiabatically, the
four- critical factors maximum tempsrature, resolving power, processing rate and sep-
arator size are in each case inseparably united in a single relationship, which involves
diffusion rate and other solution indices as parameters. These relationships indicate
on the ore hand that certain separations would be impossible in apparatus of this
sort because of the high temperatures that would necessarily be involved, while on the
other, that the processing capacity with permitted separations would be increased
indefinitely by narrowing of the separator in the sense considered above.

ANALYSIS

In the following it is taken that non-turbulent plug flow and uniform solution
properties (except of course for the electrophoretic mobilities of the two sample
components), unaffected by temperature, prevail within the separator.

Consider the separation of two sample components, S, and S,, in the
apparatus outlined above (Fig. 1). In general, during passage through the separator
the two sample components will, owing to various influences, cach spread out to
occupy a broader zone at the outlet end. For the present purpose it is convenient to
consider these broadening tendencies to be the same for each sample and therefore
the wicéth of each of the zones at the outlet end is put equal to z. Since the width of
the separator, w, has only to be large enough for the two components to emerge side
by side, it is convenient to put

w=2z (1)

The operating conditions of the separator must be consistent with the S, and
S, zones just separating at the outlet end of the apparatus. The condition that this is
so —Z.e. that particles of the two components starting from the same point at the
input end migrate apart a distance z in the passage time £ —is:

Ebfmt = z )

where E, is the electrical potential gradient and dm is the difference between the
electrophoretic mobility coefficients of S; and S,. Substituting for z from eqn. 1, one
obtains the basic operational equation for the model

E,mt = wf2 3)
The processing rate, U, defined as the pumping rate of the sample solution, is:
U = pdift @

where p is the width of the sample zone at the inlet end of the separator (defined by
the relative pumping rates of B and S) and 4 and !/ are the separator depth and
length respectively.
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Zone broadening could in practice have many causes as discussed below but
in the present analysis only diffusional broadening will be considered. Such broadening
is of special significance because it is umavoidable in principle, and because, as
outlined above, it is especially marked in narrow separators. Dispersion of a zone of
material under the combined influence of electrophoresis and diffusion acting along
the same (x) axis is described by the differential equation

D(3%c/3x?) — Eymn (3c/ox) — 3c[ot = O

where ¢ is the concentration and D the diffusion constant of the material, and 7 is
time. Putting x = x’ 4 Eymt¢ leads to the equation

D (#c[ax?) — dc[dr =0

which is Fick’s equation for purely diffusional dispersion. This transformation shows
that combining the electrophoretic and diffusional influences merely leads to trans-
lation of the diffusional dispersion along the x axis at a rate equal to that of the
electrophoretic migration. In other words the resultant dispersion is equal to the
sum of the electrophoretic and diffusional dispersions calculated separately.

According to diffusion theory the distribution of material diffusing in one
dimension away from an initial slab-shaped zone of widih, p, and uniform concen-
tration, ¢y, is given by the equation:

) rfp/2-z—x+ rfp/Z
=z (e 2VDr 2x/T)';) ©

where x is the distance from the middle of the slab along the diffusion axis, and erf
is the error function defined by:

erfu = (2/v/7) J': exp (—v?) dv ©)

Because zones of diffusing material are strictly speaking infinitely broad, it is con-
venient to define zone width as containing a given large proportion, say 0.95, of the
original material. With r equal to the proportion of the diffusing material to be
found within a zone of width z disposed symmetrically about the initial zone, and
cop equal to the total quantity of diffusing material per unit depth of the slab,

re cdx
0P = J.__lz
whence, from eqn. 5,
=2 : =iz —_
rcop=——;LU- erfp—————/z_rxdx—{- er:f‘y/2 X dx ]
—=/2 2V Dt —z/2 2vVDr
Cancelling co and putting —y = x in the second integration, one has

_ s/2 /2 -+ =/2 /2 4+
=5 U—-/z et B2 Dt"dx+f__l2 rfpzv__de’]

/2
—==/2 2VDe
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Putting (pf2 + x)/2V'Dt = u, dx = 2V Dt-du, and when x = +zf2, U=
(7 & 2)/4V/ Dr. Substituting in eqn. 7 ’
__ A(p+2)4Dt
=2VD:t erf u du ’ 8)
R (p—z)/4 4Dt
At the outlet end of the separator, z = w/2 (egn. I) and ¢ is the passage time.
Substituting for z in eqn. 8 and rearranging, one has

(D+wi/2)!4 /Dt
[T extw du = rpj2 Ve ©)
(p—w/2)/4 /Bt
Putting (p — w/2)/4vVD:r = 4 (10
and (p+ wf2)javbt=25 (1)

in eqn. 9 one has

ferfuda=rp/2\/D_t=r(B+A),
4

and, using the identity
[ estude = (Uv/m) fexp (—BY) — exp (—AD)] + Berf B — A eri 4,
A

one has
(1/+/7) [exp (—B?) — exp(—4)] + Besf B — Aerf A = r(B + A) (12)

Eqns. 10-12 relate the width, w, of the electrophoretic separator to the width
of the initial sample zone, p, the passage time, #, and the diffusion constant, D, for a
" given degree of resolution, r. Elimination of 4 and B, which are dimensionless
auxiliary variables of no obvious physical significance, would result in a single
equation relating, p, w and 7 in terms of the parameters D and r. We have not been
able to solve these equations analytically, but Fig. 2 shows graphs of 4 vs. B for
values of r of 0.90, 0.95 and 0.99 which were plotted with the help of a computer,
while Fig. 3 represents graphically in two dimensions the normalised relationships
between w, p, £ and D.

For the limiting situation in which the efiect of diffusion is vanishingly small
(i.e. A, B, w/V Dt and p/V D¢ infinite), w = 2rp, whence w = 1.80p, 1.90p and 1.98p
for the three values of r, respectively. These lines are shown dashed in Fig. 3. In the
same situation, from eqns. 10 and 11, B = 194, 394 and 1994 respsctively, as shown
(dashed) in Fig. 2.

Fig. 2 shows that 4 =— —B when 4 = —1.165, —1.389 and —1.825,
respectively. These points correspond to the situation where all of the sample is
initially concentrated in an infinitesimally narrow zone (p = 0, the situation studied
by Philpot). From physical consideraticns 4 and B must always be greater than
these values respectively.

The special cases where 4 = 0 (Fig. 2) correspond to the physical situation
where w/2 = p, i.e. where just 909, 959% and 999} respectively of either sample
remains within a zone of width p at the outlet end of the separator.
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Fig. 2. Relationships between 4 and B (of the diffusion equation) and the resolution index (r).
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Fig. 3. Relationships between separator width (w), initial width of sample zone (p), passage time (£)
and resolution index (r).

Implications of adiabatic heating
The temperature increase in the solutions flowing through the model separator

operated adiabatically would be given by
AT = kE}jt[as
where o is the density of the solutions, s the specific heat, and k the specific electrical
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conductance. Assuming for the sake of simplicity that the solutions enter at zero
temperature (°C), then the maximum temperature would be

Temax = KEjtfos
Substituting for E, from eqn. 3 one has

T max = kw?f4psém?t €13)
and for w?/t from eqns. 10 and 11

Ty.max = 4kD(B — AYfosdm? (19

It is of special interest in the present confext to examine the relationship
between 7, m, and analytical rate. From eqns. 10, 11 and 4,

Uw/[dID = 8(B% — 4%) as

By the elimination (numerically) of 4 and B between eqgns. 15, 14 and 12, one obtains

" the relationship between U and T, ... in terms of the solution parameters &, D, g, s
and ém, and the separator dimensions /, 4 and w, for resolutions determined by
r = 0.90, 0.95 and 0.99 as shown in Fig. 4.

L {3 Uw/d!D
107
. 0%
10—
10~
Ta,maxpsém2/kD
e s 5 1 T T
' Iz 3 192 10? 1ot

Fig. 4. Relationships between processing rate (U/), adiabatic temperature rise (T,.na:) and resolution
index (r).

Effects of cooling

If cooling of the pair of sides of the model separator normal to the electric
field were introduced (“isothermal” operation), there would be developed across
the separator at any point along its length a temperature profile with highest value
half way between the cooled sides. This mid-plane temperature would be lowest at
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the input end, rising towards a maximum, steady-state, value with increasing distance
up the separator. With the assumption of zero temperature (°C) for the solutions at the
input end of the separator, and also for the sidewalls, the mid-plane temperature at
the output end would be given by the equation

kw* 32 2 —"
Fusmes = T3R5 | ot

— = Z BT exp [— —g— 2n + 1)? ;;zt/wz]}

where ¢ is the passage-time for solutions through the separator and X is the thermal
conduc:f:lvu:yl2 A pnormalised plot of T ... vs. ¢ is shown in Fig. 5. Substituting in this
equation for w from eqns. 10 and 11, and rearranging, one obtains

re__ .2 - [-=]
Aom' JL -— \—l)"
Trmne—? 8B —ayh1 -2 5 _\ 79
f,max sz 8( A) { ”3 2=0 (2ﬂ+ 1)3 x
x exp [— K n+ 17227168 — A)z]} (16)
osD
¥ max-im2p2s3/Kk

S0 -
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Fig. 5. “Isothermal” temperature rise (Ti.max) vs. passage time ().

As for the adiabatic case, corresponding values of T .. Kém?/kD? and Uw/[dID may
be obtained by elimination of 4 and B between eqns. 16, 15 and 12, but in the present
instance, because Tj ,, cannot be expressed explicitly in terms of 4 and B, it is
necessary to give particular values to the term K/osD in order to do this. In all
systems of practical interest, the values of K, ¢ and s would be near those for pure
water, viz. K = 6.03-10"3Jcm1sect°CL, o = 1.0gcm3and s = 4.186 J g~ 1°C™!
so that Kjes = ca. 1.4-1073 cm? sec™!. Therefore, for the sake of illustration, the
relationships between analytical rate and temperature have been calculated for
three values of KfpsD (dimensionless), viz. 103, 10¢ and co, corresponding to values of
D of ca. 1.4-1075 cm? sec™! (as, for example, for sodium chloride), 1.4-10~7 cm? sec™*
(largest viruses), and zero respectively. These relationships calculated for the three
values of r are shown in Fig. 6. It is to be noted that the KfpsD = 10* plots begin to
diverge markedly above the K/psD = co plots only beyond the extreme right-hand
side of this figure.
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Fig. 6. Relationships between processing rate (), “isothermal” temperature rise (Ti.ma:) and
resolution index (r) for sample components with diffusion constants of ca. 1.4-1075, ca. 1.4-10~7 and
Q.

HYPOTHETICAL SEPARATIONS

As shown in Figs. 4 and 6, with both the isothermal and adiabatic modes of
operation there are limiting maximum temperatures (defined by solution parameters)
below which separation to the given degree of resolution (defined by r) is not
possible. It is instructive to calculate these for given hypothetical separations, a
variety of which are shown in the accompanying table. The examples chosen and
the values for &, dm and D (except for the separations of glucose from chloride and
albumin from prealbumin) are those given by Philpot!. (The Philpot separation
temperatures for the last two examples were calculated using his formula,
AT = 7.38kD[ém?.)

TFable I also shows prccessing rates and passage times for these hypothetical
.separations derived on the basis presented above using a separator of length 30 cm,
depth 10 cm and width 0.1 cm; pure-water values for K, g and s (quoted above)
and a T,,,, of 10°C were assumed. The samples were taken to contain 19 of each of
the components, except for CI~ in the last example for which a 0.05 % concentration
was assumed so that the specific electrical conductance would have a value comparable
with those of the other examples —in this example the analytical rates quoted in the
table are for the Ci~, those for glucose being twenty times greater.



168 A.C. ARCUS et al.

DISCUSSION

Figs. 4 and 6 show that for the model separator shown in Fig. 1,

T, nax = XkD[psdm?°C, and
Ti.max = YED?[Kom*°C,

where X and Y are functions of r. It is to be noted that these limiting separation
temperatures are independent of separator parameters, and also that pracessing rate
vanishes at these values, all finite rates involving higher temperatures. Figs. 4 and 6
also show that for given values of r, T,,, (adiabatic or isothermal) and solution param-
eters, the processing rate, U, is proportional to separator depth, 4, and length, /,
and inversely proportional to separator width, w. And finally these figures show that
higher values of r are associated with higher temperatures for a given processing rate,
or alternatively lower processing rates for a given temperature.

In other words, the above analysis shows that, with the model separator
shown in Fig. 1 operated either adiabatically or with cooling applied to the pair of
sides normal to the electric field (the so-called isothermal mode), then: (i) with
neither thermal mode of operation could the separation be achieved with less than
a certain rise in temperature of the solutions as they traverse the separator; (ii) this
limiting separation temperature would be entirely independent of separator dimen-
sions; (iii) the processing rate would be vanishingly small at the limiting separation
temperature; (iv) operation at finite rates would necessarily involve temperatures
higher than the limiting value, the temperature increasing with processing rate;
(v) for a given separation temperature processing rate would be increased indefinitely
by increasing the separator depth, 4, by increasing the length, /, or by decreasing the
width, w; and (vi) improved resolution of the sample components could only be
achieved at the expense of higher operating temperatures or lower processing rates
or both. It follows that if for a particular separation the limiting adiabatic or
isothermal separation temperature were too high (e.g. higher than the sample
denaturation temperature), then there would be no way in which it could be carried
out in apparatus of this sort operated in that particular thermal mode. If, on the
other hand, the limiting separation temperature were favourable, changing the
dimensions of the separator would allow an increase in throughput which in prin-
ciple would seem to be without limit. Since enlargement of the separator by increasing
length or depth would clearly be limited by physical constraints, and since narrowing
(decreasing w) would confer additional advantages, this latter is the effect of
special inferest here.

In arriving at the above conclusions the following simplifying assumptions
and approximations were made: (i) solution parameters were taken to be uniform
(except for electrophoretic mobility) and not affected by temperature; (ii) in the case
of the isothermal separator, the walls between the coolant and the solutions were
taken to have zero thermal resistance; (iii) flow in the separator was taken to be
uniform in magnitude and direction throughout (“plug flow™); and (iv) the only
zone-broadening considered was that due to diffusion. It is instructive to consider
how these assumptions might affect the conclusions.

The assumption of uniformity of solution parameters, as well as of their not
being affected by temperature, would both seem to be sufficiently reasonable
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approximations to reality for the purpose of the present analysis —in practice in
electrophoretic analysis, especially of biological polymers such as proteins, the
conductivity contributed by the sample itself is relatively small, while the effects of
temperature on electrical conductivity and therefore on electric field-strength,
electrophoretic mobilities and heating, are modest. Hinckley'> has shown that,
while neglecting the positive temperature coefficient of electrolytic conductivity (ca.
2%/°C) can lead to gross (up to ca. 50 %) underestimation of the temperature in the
centre of a column under some conditions, the effect is very small for narrow, flat
separators such as those being considered here. The temperature coefficient of
viscosity (ca. —2.4%;/°C at 0°C) would affect the validity of the plug-flow assump-
tion as discussed below, while that of diffusion (ca. 2%/°C) would affect the zone
spreading calculations. However, on the face of it neither approximation would seem
to grossly affect either the values or the characters of the relationships shown in
Figs. 4 and 6.

The efiect of assuming zero thermal resistance at the walls of the separator
would be to underestimate temperature rises occurring during “isothermal” opera-
tion: the model considered here would represent the best possible situation, but how
nearly it could be approximated to by the use of thin highly conducting materials
for the walls of the separator is beyond the scope of the present enquiry.

The assumption of non-turbulent plug-flow, a major departure from the
reality of laminar flow increasing in velocity from zero at the walls of the separator
to a2 maximum at the mid plane, was made because without it a convincing analytical
description of transport phenomena in the separator seemed unattainable. The
consequences of this simplification would be generally to distort patterns of sample
component migration as well as of heat production and flow, but the details would
depend greatly on the relative magnitudes of 4 and w (Fig. 1). In the case of d > w,
the model of especial interest here, axial movement of a sample component, instead of
being uniform, would fall off as the component migrated under the influences of the
electric field towards one or other of the side-walls of the separator, with the con-
sequencethatthe trajectory, instead of being straight, would be curved outwards towards
the side-wall. This efiect would certainly increase with narrowing of the model separator
(i.e. with w decreasing), but it is hard to see how it could affect separability or in-
validate the existance of separation temperatures and the qualitative predictions of
the effects of narrowing on analytical rate. On the other hand, in the alternative case
(Hannig-type separator, d < w), this effect would be the major cause of zone-
broadening under some conditions'*'5-**: the markedly non-uniform flow profile
across the narrow dimension of the separator would combine with the uniform
electrophoretic migration at right angles to it to cause an initially straight sample
component zone {0 become progressively more and more curved between the front
and back faces of the apparatus during passage through it, giving rise to the special
sort of dispersion described by Taylor for an initially discrete zone of material
flowing down a tube's. Taylor-type dispersion would be counteracted by simple
difiusion operating across the curved zone of the sample component, this corrective
effect being greater the thinner the conduvit and the longer the passage time. In
narrow, rectangular electrophoretic separators of the present sort (d > w), Taylor-
type dispersion would operate only at the very edges of the conduit so that its effects
would be small, while in annular separators with a radial field such as the Philpot-
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Harwell separator’®, conforming essentially to the same model, it would be com-
pletely absent.

Clearly, temperature distribution within both adiabatic and cooled separators
would also be implicated in the plug-flow simplification in that: (i) laminar flow
would involve the outside layers of electrolyte spending longer in the electric field
than the inner ones and therefore generating more heat; (ii) it would also involve
physical translation of the layers of heated electrolyte relative to each other in the
direction of flow; and (iii) the temperature distribution would affect the flow pattern
itself via its effect on viscosity. However, considering the decreasing heat produc-
tion and increasing cooling efficiency with narrowing of separators of the d > w sort,
we see no reason why the properties predicted for the plug-flow models should not
remain at least qualitatively true in practice, especially the existence of limiting
separation temperatures and the increasing processing capacity with narrowing for
given operating temperatures.

Of the variety of factors that could conceivably disturb the flow patitern or
otherwise affect zone sharpness in thin-layer separators of the 4 > w type, diffusion
has been highlighted here because it was felt to be the most fundamental in that it is
unavoidable in principle, imposing absolute restrictions on separator performance.
Other factors that could affect zone sharpness in such separators under some con-
ditions include; (i) convection due to temperature and concentration gradients;
(ii) electro-osmosis; (iii) simple turbulence; (iv) electro-turbulence; (v) Kohlrausch-
type phenomena, and (vi) chemical interactions between sample components.

Convection would be reduced by separator narrowing (i.e. decreasing w)
since this would result in smaller temperature differentials and reduced passage-times.
Furthermore, convection can be counteracted by the addition of thickening agents*'7.
Electro-osmotic circulation within a separator can be eliminated by special treat-
ments of the separator walls’®!°, but in any case, it would occur in the thin-layer
separator only at the side-walls —i.e. the pair of walls parallel to the electric field—
and would therefore be small because of their relatively small area. On the other
hand, electro-osmotic flow through the pair of walls conducting the electric field into
and out of the separator could be quite a different matter —clearly, because of their
influence on both thermal and material exchanges, the nature of these latter walls
would be a major technical concern in separator construction. Simple turbulence
would not be a problem special to narrow separators because the Reynolds number,
which describes this tendency, is proportional to mean flow velocity X w, which,
other things being equal, would not be affected by narrowing.

The effects on zone sharpness of Kohlrausch-type phenomena and sample
component interactions would depend largely on the particular separation being
carried out. The former depends on the progressive redistribution of material within
zones during electrophoresis as formulated by Kohlrausch in 1897%%; the effects in-
crease with sample concentration, and they can lead to sharpening of zones as well
as to broadening depending on the composition of both the sample and the back-
ground electrolyte. Mikkers ef a/.?' have described this effect as it applies to support-
free electrophoresis, and also shown practically (on a very small scale) how it may be
applied to improve resolution??. Interaction between different sample components
(e.g. reversible associution), as well as the existence of a single component in two or
more states with different electrophoretic mobilities, could clearly affect zone
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sharpness. These situations bhave been dealt with extensively by Cann and co-
workers>®~2° and by Boyack and Giddings?’, but are beyond the scope of the present
investigation.

Electro-turbulence is a phenomenon that has apparently received little
attention, especially in connection with electrophoresis. Early on in his development
of the thin-layer separator, Philpot found that, at least at higher intensities (100-200
V/cm), the electric field caused a peculiar mixing of the solutions, distinct from
ordinary convection, which he referred to as dielectric instability?®. Similar phenom-
ena have been reported for a range of different liquids placed in a d.c. electric
field?s—1-47, It has been reported that the activity of the turbulence increases with
dielectric constant of the liquid, that it is absent in a.c. fields, and that it appears
only when the field-strength is increased beyond a threshold value. It would seem to
be caused by a force gradient, caused somehow by the electric field acting on the
liquid in much the same way as gravity acts on a horizontal liquid film heated from
below in the system studied by Rayleigh®> —tendency to convection is damped out
at low intensities of the force-field, but active, localised convection cells appear at
field strengths above a certain value which depends on the nature of the liquid*.
Clearly, an understanding of this phenomenon will be fundamental to future
developments in support-fiee electrophoretic separators, but the observation that it
occurs only at higher field-strengths suggests that it might be avoidable.

The influence of viscosity on separator operation was considered to be too
complex for it to be included in the above analysis, but clearly viscosity would be
involved in the rate of diffusion of the sample components and in their electro-
phoretic mobilities, as well as in convection and flow of the liquid within the
separator. Since diffusion and elecirophoretic migration are each affected by
viscosity in the same way, it would not seem to be possible to reduce the diffusional
component of zone overlapping by manipulation of viscosity. On the other hand, as
discussed by Dobry and Finn* and Finn', it is possible by the judicious use of certain
viscous additives to stabilize laminar flow while not appreciably affecting motion at
a molecular level —elecirically neutral, long-chain polymeric additives such as
methyl cellulose, dextran and polyvinyl alcohol reduce convective and turbulent
tendencies without significantly affecting either diffusional or electrophoretic migra-
tion rates. Furthermore, while Finn considered only relatively high levels of additive
(final viscosity 10 cP or greater), it has also been found that minute levels of such
long-chain additives®*:3¢ can bring about spectacular reductions in turbulent friction
and therefore presumably in tendency to turbulence. Even suspensions of micro-
scopic fibres such as asbestos have this effect®. Obviously viscosity is an important
factor in the operation of support-free electrophoretic separators —the possibility of
stabilizing laminar flow with microscopic fibre additives, which would be easily
removed from the product by filtration, is at first sight a particularly attractive idea.

In addition to the increased analytical capacity that a narrow (w small)
separator would have because of low rate of heat production, certain other advan-
tages would accrue. For one thing, the need for & (Fig. 1) to be small for cooling (as
exists in most continuous electrophoretic separators, which are of the Hannig-
type’) would be obviated so that analytical capacity could be increased still further by
increasing 4 (Figs. 4 and 6): since in the Hannig-type of apparatus the value of 4 is
typically of the order of 0.5 mm, an increased capacity of several hundred times
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could be attained in a separator of very modest dimensions. Furthermore, a small
wfd ratio would virtually eliminate Taylor-type dispersion, as discussed above.
Additionally, the short passage times of narrow separators would be conducive to
preservation of heat-labile sample materials and, as discussed above, to avoidance
of convection and electro-osmosis.

In order to bring out the principles of separator operation, the argument
developed above was based on the separation of only two sample components, while
in practice, of course, one would expect to be able to collect many more fractions.
To cope theoretically with multiple fractions, the model separator would need to be
correspondingly increased in width (w, Fig. 1), which would give rise to correspond-
ing increases in the separation temperatures, but obviously the same principles
would apply, in particular the existence of limiting separation temperatures, and the
form of the relationships between analytical rate, resolution, separator dimensions
and Ty,

Collecting multiple fractions from a very narrow separator would also in-
troduce some technical problems, but this has been overcome neatly in the more
recent Philpot separator3-2%-3¢ (outlined below), by withdrawing the fractions from
relatively large slots or circular holes at the side of the separation chamber near the
outlet end, instead of across the end itself as done by Dobry and Finn®.

The present analysis confirms Philpot’s values® for the limiting separation
teraperatures in certain hypothetical separations carried out adiabatically (see
table). (Philpot used 95.49/ separation —i.e. 4 2 standard deviations of the normal
distribution equation describing diffusion from an infinitesimally narrow starting
zone— to our 95.0 %, which probably explains the small discrepancies.) The table also
shows, as one would expect, that cooling increases the scope of the method in that:
(1) in every case the limiting values of 77 ,,, are considerably lower than those of
T,.max 2nd (ii) the “isothermal” processing rates (for a separator of length 30 cm, depth
10 cm and width 0.1 cm, with pure-water values for K, g and s, and a T,,,, of 10°C)
are higher than the corresponding adiabatic rates (with a single exception). The
improvement in processing capacity with the introduction of cooling for a given
degree of resolution of the sample components is considerable for the separations of
larger molecules, but insignificant for the separation of Cl- from glucose, a finding
confirmed by Philpot’s own calculations®’. The table also shows the relatively short
passage times ranging from a fraction of a second for the glucose-from-Cl™
separation to ca. 1 min for the most difficult ones. These are in contrast to the passage
times in Hannig-type apparatus, which are of the order of minutes or hours. Finally,
it is clear from the examples given that only the most difficult of separations by the
thin-layer method would be precluded by temperature rise, even without cooling of

the apparatus.
Philpot’s published analysis'-?® depended on the diffusional relationship

z=Cy/t

where z is the width of a zone of diffusing material containing a given proportion
of the original, ¢ is the duration of the diffusion, and C is a constant depending on
both the diffusion constant and the proportion of material to be found within z. This
reiationship is a valid approximation to reality in situations in which the original
zone width is sufficiently small relative to the duration of diffusion. Thus Philpot’s
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analysis gave the correct limiting adiabatic separation temperatures for the several
hypothetical systems considered (see table) since these correspond to operation of
the separator at zero analytical rate as would occur if the sample input zone were
infinitely thin. However, we found this simplified approach to the influence of
diffusion to be inappropriate when applied to the calculation of processing rate,
which necessarily involves finite width sample zones, and therefore used the exact
equation as a basis for the analysis. Philpot did consider processing rate, but his
earlier treatment of it* was brief and rather obscure while in his only other theoretical
publication®® he merely stated without derivation that

F = 4.1865STm?/nk

where F is the flow-rate of carrier electrolyte (ml/min) to accommodate migration
of fastest component; S is the scale factor which stands for migration distance in
cm/area in cm? normal to migration; T is the adiabatic temperature rise; m is the
mobility of fastest component at 0°C; 5 is the average relative viscosity of carrier
electrolyte over the actual temperature range; and k is the conductivity of carrier
electrolyte at 0°C. Allowing for what seems to be 2 misprint in this paper (inversion of
the scale factor, S), this equation predicts proportionality between processing rate
and /T, ,,./w (our notation) much the same as do the combined eqns. 14 and 15 of the
present communication —eqn. 15 shows directly that processing rate is proportional
to / and 4 and inversely proportional to w, while Fig. 4, derived from these two
equations, shows that processing rate and T, ., increase together, though not
proportionately. From its simplicity, it would seem that Philpot derived this equation
using the same approximation as he used for his earlier analysis.

However, in spite of the lack of analytical documentation in Philpot’s
published work, it is clear from exchanges of letters with him that he fully appre-
ciates the nature of the relationships between resolving power, processing rate and
temperature in the Fig. 1 model, and furthermore that his unpublished calculations
fully support the potential of the thin-layer principle as a basis for scaling-up.

In spite of this promise, the thin-layer approach seems to have attracted little
attention by others, either theoretical or practical.

On the theoretical side, a few studies have been published on limited aspects
of this approach. Reis ef al.'¢ analysed the operation of continuous electrophoretic
separators at vanishingly small current densities and sample concentrations. They
concluded that, while Philpot’s concept of the limiting effects of diffusion (“separation
temperature”) was correct for model separators with plug-flow, with the admission
of non-uniform flow, Taylor-type dispersion would be a far greater cause of zone-
broadening, except in cases in which the depth of the separator (4 in Fig. 1) was
extremely small. However, these workers considered only the Hannig-type con-
figuration of separator (d < w) while Philpot was preoccupied by the alternative
configuration (d > w), because of its much greater potential for scaling-up, in
which, as discussed above, Taylor-type dispersion would seem to be far less im-
portant. A number of other groups also have considered theoretically this and other
aspects of operation of Hannig-type scparators'®-15:38.44—6, ‘

In a recent paper, Strickler®, largely concerned with the possibility of testing
such apparatus in a weightless environment to avoid the effects of unwanted con-
vection, presented an analysis of the functioning of continuous separators, examin-
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ing the effects of non-umiform flow profiles on sample component trajectory,
electro-osmosis (considered negligible in the thin-layer separator) and turbulence, as
well as the problem of electrode design and of fraction collection. He, and also
Hinckley in his paper on temperature patterns'?, have pointed out the advantages of
the cooled, thin-layer (d > w) configuration over the alternative Hannig-type
apparatus, for large-scale working, but these workers based their preference simply
on the absence of restrictions on depth implicit in this configuration and were
apparently unaware of the existence of limiting separation temperatures and of the
additional scale-up that would be made possible by reducing width.

On the constructional side, Philpot himself described a very simple rectan-
gular separator in his 1940 paper® (“classed with those aeroplanes at South Kensing-
ton which never left the ground”). (This apparatus may have the distinction of being
the first electrophoretic separator ever built in “Perspex”, so widely used for this
purpose today.) He subsequently developed a much refined annular version of this
apparatus, which was described in a British patent in 19692, In a second patent in
1970%, Philpot introduced “angular velocity gradient stabilization™ (rotation of the
outer cylinder of the separator relative to the inner cylinder) to stabilize the fluid
sandwich within the separator against mixing tendencies, especially that of electro-
turbulence?®-, This latter development was pursued under the auspicies of the
National Research Development Corporation, more recently in collaboration with
the U.K. Atomic Energy Authority at Harwell, to the stage where a commercial
separator was offered®. The specifications of this commercial separator include
adiabatic operation; carrier electrolyte input rate 0.5-1.5 I/min; sample input rate
1525 ml/min; sample concentration, up to 6 %; protein; outlets, 30; resolution (peak
widths of single components), 3 outlets; good resolution at processing rates up to
0.2 g/min for bovine serum albumin; dilution 2-10 X depending on mobilitics; passage
time, 30-60 sec; temperature rise, up to 20°C depending on mobilities; outer cylinder
rotation at 100-200 rpm; radial thickness of the separation chamber, 5 mm. Satis-
factory fractionations of blood proteins, muscle extracts, microbiological culture
filtrates and other organic compounds including dyes and antibiotics, as well as of
particulate preparations, are claimed. Both larger and smaller versions of this basic
separator have been successfully built®.

Both continuous** and batch-wise*’ separators based on the electroconvec-
tion (electrodecantation) principle are essentially very like the thin-layer method under
study here in spite of their being restricted to producing only two fractions. Of
special significance in the present context is the high-capacity capability of these
separators.

) Tippetts ef al.5 experimented extepsively with a separator very similar to
Philpot’s original one! in that it was horizontal with flow-stability maintained by a
vertical gradient in density within the separator; a special fraction collection system
was required. Both adiabatic and cooled versions were tried. However, the thickness
of the Mel separator (corresponding to w in Fig. 1) was quite large (of the order of
I cm), and its operation so dominated by gravitational considerations that its
relevance to the present discussion is small. High analytical rates were never claimed.

Dobry and Finn*S and Finn'’ have described the fractionation of dye
mixtures in a vertical apparatus designed to explore the use of the thin-layer prin-
ciple for large-scale operation. Although they considered such factors as non-uni-
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form flow, electro-osmosis, resolving power, heating and convection, and obviously
believed in the thin-layer principle for scaling-up, their approach was a largely
practical one and their brief theoretical analysis did not demonstrate the essential
relationships between separator dimensions, processing rate, resolution, and temper-
ature.

To sum up, the rather limited analysis of the operation of the continuous
electrophoretic separator presented here confirms the contention of Philpot and
others concerning the promise of the thin-layer principle for scaling-up. This con-
tention is endorsed on a practical level by the high performance of electroconvectors,
and especially by that of the Philpot-Harwell separator itself>°. The great value that
such support-free, high capacity separators would have for both industry and
research, especially for the purification of delicate biological materials such as
enzymes, polypeptide hormones and antibodies, goes without saying.

However the fundamental relationships between processing rate, resolving
power and temperature in terms of solution and separator parameters do not seem
to be at all widely appreciated. Although in the present analysis we have found it
necessary to make many simplifying assumptions, the most significant probably being
the assumption of plug instead of laminar flow, nevertheless we feel that the relation-
ships derived for the model have important implications for real separators, in
particular in indicating the existence of limiting separation temperatures imposed by
diffusion, and the tendency for electrical heating to be reduced indefinitely on
narrowing. This being so, if the purely technical problems of: (i) collecting multiple
fractions from very narrow separators; (ii) maintaining well-behaved laminar flow;
and (iii) providing satisfactory materials for the pair of separator walls through
which the electric field enters and leaves, could be solved, then, with the proviso of
favourable limiting separation temperatures, there would seem to be no limit in
principle to the extent of scale-up possible with such an apparatus, simply by
narrowing.

With regard to the futuse, there would seem to be three especially important
areas of thin-layer electrophoresis development into which effort could usefully be
directed. Firstly, exploration of operation, both adiabatic and cooled, at thicknesses
less than the 5 mm of the Philpot-Harwell apparatus. Secondly, a thorough study of
the factors afifecting flow-stability, so as to put on a firm basis the requirements for
stabilization. Philpot in a recent letter remarked that he was impressed by how
much the flow stability in his latest separator was improved by the use of a rapidly
circulated, cooled, electrode solution of the same concentration as in the flow channel
instead of the relatively concentrated solution used previously; so much so that he
was led to suggest that special means of stabilize flow might be done away with
altogether. If this proved to be so, the annular configuration could be replaced by
the original rectangular configuration, which would be cheaper and easier to
produce and which would be more flexible in that the thickness (w in Fig. 1), the
most critical of the dimensions, could be made easily adjustable. Furthermore it
would facilitate the putting together of large, multicellular, units for really large-
scale or complex analytical programmes. And finally, the development of a relatively
small version of the Philpot-Harwell, or similar rational, flexible and efficient support-
free preparative separator, would be most welcome in biochemical laboratories
throughout the world.
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