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DESIGN THEORY AND SEPARATIONS IN
PREPARATIVE SCALE CONTINUOUS-FLOW ANNULAR-~- BED
ELECTROPHORESIS

Theodore Vermeulen, Louie Nady, John M. Krochta,
Edo‘Ravoo1 and Darryl Howery
Department ‘of Chemical Engineering and Lawrence

Radiation Laboratory, University of California,
Berkeley, Calif. 94720

ABSTRACT

A cy1indrica1 electrophoresis column with'electrodes
at the. center and at the outer circumference, with 1engthw1se
flow through either inert or adsorbent packing, can be used

for contlnuous fractionation of ionic solutes on a scale

'approaching kilograms per hour. A feed mixture is fed in

-~ a ring of specified radius at the upstream‘end and solute

fractions are w1thdrawn from eight concentric rings at the
downstream end. Thevconstant-property design theory for
such an apparatus‘is reviewed end extended with particular
emphaSis on heat dissipation and radial dispersion. Master
plots are given to'eStimate‘temperature'profiles'for given

column geometry and operating conditions.AFConstructional

features of the separation unit and of the many auxiliary

components are described. Trlal separations of dye mixtures
and. of amino acid mixtures illustrate the feaSlblllty of the

presentvpilot-scale unit.

1Present address, Afdeling Chemische Technologie,
Technische Hogeschool Twente, Enschede, The Netherlands. |

2Present address, Department of Chemistry, Brooklyn
College of the City Univer51ty of New York, Brooklyn, N. Y.



enters#lniaknarrow band at rp at the top{ofvthe column.
Application‘of an appropriate-voltage.(say 25-100V based on
concentratlon level and flow rate in theted) causes ionic
solutes to change thelr radlal pOSltlonS as they travel

down the column.; Solutes w1th dlfferlng electrochemlcal
mobilities‘follow dlfferent paths and emerge at.the outlet
at the bottom of the column in separate rlngs of radius rL
A background electrolyte ("elutant") is fed downward
»contlnuously ‘and unlformly across the entlre bed cross-
section The ionic components of the feed follow paths

. resultlng from '; an ax1a1 vectorlal component determlned by

convective transport due to bulk elutant flow and

chromatographlc retardatlon if the packlng is sorbent and from

a radlal component determlned by " the electrolytlc
migratlon 1n,solut10n,’ chromatographlc retardatlon for-
non-inert packing, and electrolytlc mlgratlon of ions on

packing;With“ion-eiChangeh31tes In steady-state operatlon_n

the solute is collected contlnuously at the downstream end
in a segmented offtake arrangement. | |

To remove oxygen -and- hydrogen gas generated durlng
»elctrolysrs and to extract a part of the heat produced within
the packed bed‘and diaphragms,'a conducting aqueousfsolution
'( coolant") is c1rculated rapldly through each of the .
electrode compartments |

Cyllndrlcal geometry was selectedvfor scale- up because

‘of the relat1ve ease of constructlon and the absence of bed

'face effects. The_thermal field, like the electr1c+potent1al

T

o
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field,:is cylindrically symmetfic uﬁdér-ideal_performance.'
Porath axﬁ)has analyzed the temperature distribution in a
zone-~ electrophore31s apparatus with perlpheral coollng similar
to that descrlbed here. The maximum permissible temperature
is d1ctated by elther the thermal stability of the®materials
underg01ng separatlon or the need to avoid vapor formatlon

in the bed.

Too great a radial spread of bands can prevent separation;
thé'range of satlsfactory operating condltlons may be widened
by using a smaller pécking diameter;

'The'physical variables which influence the extent of
separatiqn thus include the geometry of the unit, the thermal
éﬁd éleétriéal properties of all'components'bétween the
electroaes,_and the‘chromatograéhic properties, geometry,

and size of the packing. For a given unit and maximum .

allowable temperature, one must choose the best combination

of voltage,'elutant comp081tlon, and reSLdence times.

Certain de51gn con31derat10ns for the annular-bed unit _
(1963) and Ravoo et al. (1967).

have been glven by Hybarger et al./ In the present Ppaper,

the design theory is reviewed and extended, and the

important constructional features and operational procedures

of the Berkeley annular-bed unit are detai1ed.



DESTGN-CALCULATION METHODS

Current and Heat Flux in Cylindrical Ceometry

Becaqse the apparatﬁs is presumed to have circular
symnetiy in the thermal and electric fields at all heights
in.the bed, pliysical properties can be considered uniform
over any circle cehteréd about the axis of the column; The
Jocal current density i is giﬁen-by the Ohm-qurier'law of

“electrical conduction:

o 15p\2 2 | |
. . OE OE
| e () (%) -

where E is- the potential, r the radius, y the axial depth,
and km_the local effective electrical coﬁductivity (which is
a function of the local temperature on a circle with

~ coordinates r,y). The power density is therefore

R I 2~
-1 T ) A OE
17k = (&) ¢ (F) ] @
For a cylindrical volume element 27r dr dy, the most :general

form of the heat'Balance is

1o aryL af am
, ?Ff(rkh'é?) + E)T(kh Ey)

- %(;UrpcéT) - %(qué'f) + 1VE = g—é(pcé'l‘) 3y

where k. is the effective thermal conductivity, p the density

of the process stream, cp-the heat capacity of the process

stream, t the time, Ur,the linear velocity of the fluid in
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the radial direction, and U the linear velocity of the
elutant’in the axial direction. o

| Theffirst and second terms in Equation 3 represent heat
conductlon in the rad1a1 and ax1a1 dlrectlon respectlvely,

the thlrd and fourth terms heat convectlon radlally and
ax1a11y respectlvely, and the rlght -hand term heat accumulatlon
with time. The heat generatlon term is glven by Equation 2.

Practlcal Relatlons For practlcal contlnuous

.electrophore51s, Equatim 3 can be 51mp11f1ed considerably.

In the steady state, heat accumulation disappears. Axial
'conduction'of heat will usually be small compared with
ﬁ_cbnvection Radial convectlon, -as from elecnx>osm031s, can
usually be neglected ‘Density and heat capac1ty can usually
be con31dered constant. The axial voltage-gradlent«(BE/ay)
is neglected.._Flnally, a plug-flow model is adopted;_
characterized bj'avuniform flow in the axial direction
@ = y/T, w1th re31dence tlme T proportlonal to
y) : and consequent zero flow in the radlal dlrectlon

Wlth all these assumptlons, Equnxn 381mp11f1es to

LB Bow@ 0w
Both k£aand ko are temperature-senSitive; Their temperature
dependence can be either_approximated by average values over
the ekperimental temperature-range.(the’hconstant-property
case"), or calculated from point-by- polnt temperature profiles.
Both constant -property and variable- -property cases will be

considered here. Frequently, the total concentration varies

widely, and affects km; here it is assumed that the elutant

species level is 1arge, and gives nearly uniform k., throughout.



The simplest boundary conditions for Equmi114afe the

following: the temperatures of the inner and outer

cylindrical walls of the separation chamber (including the

 diaphragms) remain constant and equal to the temperature

T, of the entering process stream; . a constant voltage-

differehce.Eab is applied radially along the entire length

of the separation chamber. Algebraically -

T = 0: T =T,
TS Ty : :“ T =.To’ E =0
r = ra:' ' T.=,To’ E =E

ab

Coordinates ry andvra_denote the inner and outer radii of

the packed.bed.' Additional voltage-difference across the

diaphragms is neglected.

Expanding the first term in Equation 4, setting « = ky/ky

and 4ihtroducing relative coordinates for radius (r' =,r/rb),

electrical potential (E' = E/Eab); and témperature variable::

T' =T - T,, convert Equixt&-to_the form:

32 +‘1 ST 4+ 1 ar . Oky
S—-Z ' 3" Ea'B?T-_'E?T

rl

o2
C %Pt a2 ('Y
kg, 9t T ®ab \or'/

with the boundary.- conditions

T = 0: : T' =0
r' =1: o R L 0, E' =
r' = ra/rb=4ré Ty = Q, E' =

Two solutions of this problem, which involve different

ments of kh and km, willnow be discussed.

0

I

(5)

treat-
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- Solution for Constant Physical Properties. The treat-

- ment of Hybarger et al. (1963) - - will now be

reviewed and extended. With uniform electrical conductivity,

the local voltage in the bed is a functlon of radial position

only. In circular geometry, with constant total radlal flow
of current the local current controls the voltage gradlent
For uniform conduct1v1ty, then, the voltage gradlent will

vary w1th the radius:

, ' E
dE _ 1 _ ab .
I " (Comst) = Tite 7y

Here the constant has been evaluated by lntegratlng the

(6)

K=

gradlent over the entire annulus to which the known voltage
difference Eab is applled; ‘ Hence, in dimensionless

variables,

dg' _ 1 | o
dr'" r’l%ré . »(6a)

LA

Also,‘kﬁvis assumed constant, henceEquation 5 reduced to

2 r2 E2
T L LT b ar' _ FPap -0 7
ar'Z T oI %, Ot r'z(ané)Z

where op (= kh/pc ) is the thermal diffusivity.
The analytical solution forEgatm 5 has been given in terms

of a dlmen51onless temperature rise:

g =L  _1linr' an
SR =2 7 (Inr" ~ Zur )
v KEab" - o

_J§1 AJ d exp (- x o T/rb? o . - (8)



with , s S :
i = . S A U Y 1 an -
_: ¢ = Yo(xj) Jo<xjr_) _ Jq(xj) yp(xjr ) | (9)
‘Jo andea_denote,zeroforder BeSsel-functioaS'of the first

~and second kinds. The eigenvaluesﬂkj are'rocts of

Ay = — ;

2"/;-0: <I'>2r'cvlr""v
1 o

Equation 8. was evaluated manually for

. .‘ .'.' _ . -.-' N | ' _ : |
YO(}j) Jo(Ker) JO(*j)uY(Xj?O) ¢ - a9
and thejccefficients_Asacah be calculated from
| ! K ) |> 2 ‘ |
./r B iur! _ (lwr r'de’ (11)
J Lnré oy ) . o

r, = 8, to match the geometry of the experimental unit

(but including the diaphragms). For more general ﬁse:in
the design of a chindricai'electrophoretic'apparatus; a
complete family of temperature profiles (8 vs £) has been _
c0mpuceé'numerically,'for'varying values of dhr/rbz?'using‘
an IBM 7090 digital computer over.a”fange‘oferadiﬁs ratios
from féi= 1 (flat-slab geometry) to ré = o (axial line-
soufce) In this calcuiaticn the XJ ﬁere determined With
6~ flgure accuracy by an 1terat10n technlque, the Aj were
evaluated to 5 dec1mal accuracy by numerlcal 1ntegrat10n
Four-figure accuracy for 6 was obtained by truncatlng the
series in Equatin 8 after j = 10; in most cases, three-flgure
accuracy in 8 cculd be achieved by truncating at j = 4,

The dlmen31on1ess temperature coordinate 6 ( T 'k Eab )

replaces the previously-used  dimensionless coordinate

&
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colum: r. = 10 ém,’rb = 1.25 em, & = 2.1 x 10

T Q; now 0 = [ T /Q]/(an ) because Q = k Eab /(an )
Flgure_z shows 6 vs r' for r0 =8. -
In order to generalize the curves for individual

radius-ratios and to provide a rapid and reasonably

' accurate estimation of temperatures, the computed results

are summarlzed in two master plots. Figure 3a correlates

the peak temperature expressed as ép and the radial

position rP of the peak, as functions of the ré and ahT/rb2

contours which characterize the column. Figure 3b enables

.one'to estimate T'/Té for each desired value of r, and hence

calculate T. ‘The graphical correlation is accurate to
within.lO% of T'/Té, and thus lies within the usual»range
of ﬁhe assumptidhscand the input data.

Ah,example of the use of Figures 3ab wili.now be

given, based on typical data ffom'the Berkeley cylindrical
-3

a cal/cm sec®C

= 8.8 x 1073

T, = 25°C, and E_; = 40 volts. In Fig. 3a the r /T, =8
2

watt/cmg, cp = 1.0 cal/g°C, 1 = 7200 sec,
curve Lntersects_the curve for ahT/ro = 10 (whibh apprexi-
mates the actual value of 9.7) at the coordinates
(rp -”fb')/(ra - rb) = 0.24, ep = 0.11;‘ Thus r, = 3.35 and
Ip =41.0°C. From these,vthe temperature at any radius, |
say r =5 cm, can be found.u The right-hand plot in Figure 3b,
with the contour value (rp {_rb)/(ta - rb)'= 0.24 and the
abscissa value (r -‘f )/(r -r ) = 0.79 gives by interpolation
(T —'T )/(T - T,) = 0 26, or T = 29.2°C.

The schematlc relation of the theoretlcal framework to

actual operating conditions can be explored further by
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reference to Figure 4. In a glven apparatus, for constant
thermal conduct1v1ty of bed constant spec1f1c conductance

of solution, and a fixed max1mum temperature, the allowable
‘power den51ty is high at the shortest re31dence times. and
decllnes;asymptotically-to a constant-Q contour for long resi-
dence times. ”Power density is proportional,to concentration
tlmes the square of the applled voltage. 'The problem is to
-determlne what combination of concentration, voltage, and
res1dence time w111»prov1de the maximum production rate (pro-
portional to voltage times concentration) For long-~term
‘continuous operation, this rate occurs at the largest allowable
power den31ty and the 1argest allowable concentration. It
corresponds to a 1ong re51dence time, and hence to a low voltage._
(The stralght line contours for constant power dens1ty Q and
‘constant‘productlon rate P, shown 1n.separate)areas of the
diagram for clarity, actually extend across the:entire diagram.)

For short~term or intermittent operation, the alloWable
re81dence tlme w1ll have practical 11m1tatlons, 31nce at
least one re31dence tlme is lost in each start ~up.

If the solutes 1nvolved are heat sen31t1ve, the res1dence
time will become a factor in determlnlng the allowable tempera-
ture rise, and then ‘the allowable power-density curve w1ll
decrease steadily for 1ncrea31ng re31dence times, rather than

7 bec0m1ng constant. (Thus.the_dashed curvevw111-then.be.
replaced by a curve which is steepervat all concentrations.)
‘The energy consumptionvper unit quantity of feed (or
product),vQT/P,‘is constant (= 4) at all points in Figure 4.
Thus only the amortized apparatus cost per unit of product

will vary as the production rate varies.
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Electromlgratlon and DlsperSLOn of Solute

Electromlgratlon in the dlrectlon perpendlcular to flow
has the obJectlve of resolv1ng a mlxture of solutes into a
- number of bands centered at different radll, each contalnlng
an individual component. The greater:the differeﬁce in’
_ mebilities of two solutes is, the less‘the displacerent of
the siower-moving one that will give the needed sep:ration
distEﬁce between the centers of the solute bands." This |
'separatipn distence'is determined by several factors:
the width of the offtake rings, and their positions relative
to the feed riﬁg; the initial width of the mixed-solute
feed band; and the dispersive spreading which occurs radially
- as theesolutes flow axially.thtough the‘pecked bed.
| Ihe rate of radial movement of a solute A is_given by
~ the preduct of its mobiiity uA and the'voltage'gradieﬁt:

| dr, dE

Substltutlon from Eq. (6), Wlth 1ntegrat10n between the

feed radlus rF and the radius Ty to which A-has been

displaced,.ylelds

2 - 2 o
r -r E o
A - "F _ _—ab__ _
_ 2 ‘?AT_Zn(ra/rb) (13).

If this is combined with the cétreéponding'relatiOn for

énother solute B, the result is

ab

______2_______ = (uA - UB)T m (14)
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Thus, as.Ravoo et'al (19%) have indicated the product of
Eb and T determines the separation distance; for a given
'bdistance, E,p can be reduced if 7 is 1ncreased, or vice
versa. ,

Radial dispersion, which produces transverse Spreading
of thevbandsJ will cften'be the limiting factor in determining
the efficiency of a separation. Since the effect is :
short-range, the ana1y81s is simplified by assuming - -
rectangular geometry.' In the analysis of this spreading,
the feed mixture of solutes is considered to enter thel"'
packed bed from a.semi;infinite slot of infinitesimal
width. For rectangular or near- rectangular geometry, the

spreading process 1is described by the relation

2
o°¢C oC _ _ -
DI'-S;E-UW”O;' (15)

At flowrates greater than lO-Z'cm/sec, molecular diffusivity.
is much less than the eddy diffusion arising from
hydrodynamic flow, and hence the radial disper31on rate
is directly proportional to U. The GauSSian form solution,
based upon a point source, is given 1n terms of a horizontal
band Width s at the bottom of the column that contains
ccncentration leﬁels‘above any particular specified Value_C:
sz.=1.32_dvalu"CTm | (1)

The maximum concentration C, iS'given'by the relation

o 1/2 L
- (/0 [3/(vrd )] Coan
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‘where dp ls the average diameter of the packlng, q is the
total quantlty of the solute fed per unlt length of feed
line per unit time, and the constant is based on a radial
Péclet number (de/D?) ;qﬁa1fto 12. The fraction C/Cm
determines:the recovery of a product over a specified offtake
distance (see FigureFS). For example, C/Cm values of 0.05
and O,lO.correSpond aporoximately to 99% and to 987 recovery
of a compOnent. Eq. (16) has been amply verified on a smaller
rectangular unit (Nady, 1965) |
For values of C/C = 0. 05, s =1.0 cm (a suff1c1ently

narrow band), and a colum length of 120 cm (as for the
Berkeley unit), then_dp = 0.002 cm,j This means that? to
prevent overlap of bands, a packing of quite small diameter
must_he"used. 'The band as fed has a finite width which
makes the,entrance leyel behave as if it were a distance AL
downstream‘from a point source. For egample, if the feed
width = 0.40 cm, C/C 0;10,'and dé =l0.61Q cn (a readily
avallable packlng 51ze);.then_AL, the correction‘to L, is
5.2 Cm; nThe effectiue\L is then (120 +5.2) cm. For
L = 125.2 cm, C/C_ = 0.10 and a = 0.010, the calculated
band width is 2.59 cm. Since the width-of each of the
eight:collectingarings at the outlet of the column to be
descrihed in the next section is 0.95 cm, the spreadlng
should not prevent a high-purlty-blnary separation.

A more exact treatnent of radial dispersion inuolves
Ieiblicit inclusion of feed band width and cylindrical |
geometry /(Vermeuﬁggesgg’ngéagﬁpigggéate treatment Just

outlined is simpler to use and gives adequate accuracy in

- most applications.
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Solutlon for Temperature Dependent Phy31cal Propertles

Even in cases where the temperature dependence of kh

‘and k is known, an analytlcal solution to Eq. (5) usually

is unattainable.'VSince the behavior of'kh(T)'and km(T) is

highly dependent upon the exact nature of the system, any

numerical solution will inherently be specific to a particular

operation, and the relation between power input and the desired
Separation distance must be determined by carrying out an

iterative solution. A complete computer program for beds
é%asson and Kavanaugh,

,hav1ng nonunlform phys1cal propertles is available / 1965).

For this analys1s Equations 12 and]6 are replaced by
the follow1ng generating differential equatlon which is solved

51mu1taneously with Eq£m015 by a finite- dlfference procedure:
d [y D 3 (. d B |
a—-( r 39-) + a—f(ruc 55) - U E-—(rC) (18)

where D_ is the radial diffusivity and C is the normal con- .

centration of the particular component. The terms in Equation 18

account respectively‘for radial diffusion, electromigration,

and axial convectionr The assumptions involved in Equation 18

are that axial diffusion is small compared to axial

cOnvection, ax1a1 electrophoretlc mlgratlon is negllglble,
the column operates at steady state, - each component

migrates 1ndependently, and electroosm031s is negllglble

A computer s1mulat10n 1nvolv1ng separatlon of the amlno

acids leucine and phenylalanine has been used to test

and illustrate this approach (Vermeulen and Tobias, 1965).



-
 APPARATUS

A flow diagram for the contiuuous electrophoresis‘unit

showing-the accesSory equipment is giVeu'in~Figure 6. The

relatlvely 1ntr1cate ‘and well- coordlnated apparatus which is

descrlbed brlefly here has evolved through several phases
(Vermeulen and Toblas, l962~66,.Howery.aud Vermeulen,
1964),' - The separation unit proper,_shown in Figure 7,
is 9'inChes~in diameter and 48'incheS'high Tofpermit |
continuous use for extended perlods, storage drums for feed
gallons gallons ' gallons :
(2 /), elutant- (15 [/ ), and coolant (50 / ) are pro-
vided.'vA degasifier and heat exchanger for the coolant, a
sampliugprack;'D.C} VOltage,supply, and a control panel for -

flowrate control comprise the major auxiliary components.

' Separatlon Un1t

The separatlon column, along w1th the aux111ary equip-

ment, is mounted w1th1n a stand bullt from Dex1on structural-

‘steel slotted angle bars. An outer cover of commerc1al

flanged glass p1pe «Q.v. F Ltd., London) provides electrical

1nsu1at10n, as well as v131b111ty into the outer electrode
compartment -

The electric current flows between two concentric

electrodes: an.axially centered.gold-plated nickel rod 0.50

1nches in diamter, and an outer perforated sheet (0.50- 1nch
holes coverlng 45% of total area) of 28- -gauge Hastelloy B
(67% nlckel 287, molybdenum,pand 5% 1ron), rolled to,;
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8.25;iﬁoh diameter. Diaphragms of porous siliceous ceramic
(Filtros 35,v. - Electro Refractories, East Rochester, Nr Y.)
confine the packed bed while allowing electrical conduction.
The inner diaphragm”has a 1-ihch'insidepdiameter and a wall
thickness averaging 0.188 inch. The outer diaphragm is of
the same wall thickness and is 8 inches in outside diameter.
Each diaphragm is oomposed of two 2-foot sections (the
largest available) joined with epoxy—resin glue (Electro-
chemical Adhesive'M—648—W). - The diaphragms also have glued
on‘Teflon and Neoprene gasketsdwhich serve as seals at the
top'and'bottom of the column  Because the siliceous dia-
phragms caused pronounced electro-osmotic flow, the outer
dlaphragm has been pretreated with a lubrlcatlng -oil additive.
(0loa 1200, Chevron Research Corp.). applied as a 2% solution
in hexane.  In preliminary tests, electroosmosis was reduced
‘by up to 85%; the coatingvappears stable when_soaked ip
buffered.solutions. »
Two packings have been used: 170-. to 230—mesh glass beads
("Superbrite" no. 150, 0.003 inch mean dlameter, 3M Manu- |
| facturlng Co. ), and 100- to 150-mesh crosslinked polystyrene
: (0.005 inch mean diameter, -
beads/ Dow Chemical Co.). The packing material is supported
above the offtake‘plate‘by a polypropylene»fllter screen
(Polymax-B No. 3449 Nationai Filter'Media Salt Lake City; Utah) .
The offtake plate at the bottom of the column is grooved .

concentrlcally into elght evenly spaced collecting rings, as

shown in Figure 8. Each groove_‘except* * the innermost one

~
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is separated into three 120° sectors to permlt testlng
for rad1a1 symmetry of solute bands. From the grooves the
fract10ns~flow through polyethylene tubing_to‘a sample-
collecting manifold, one element of whichpis shown in
Figure 9. Glass and Teflon needle valvesv(Fisher Scientific
Co.) and on-off valves (Hoke Mfg. Co.) allow fine control
of the 23 offtake flows Whlch are read on mlnlature
rotameters. ‘Rapid- response temperature probes (Cole Parmer
 tissue 1mplantatlon probes No. 8456) of 0.024- inch o.d.
rare 1nserted into several offtake lines, at the bed outlet,
to allow measurement of fhe outlet temperatures that are
developed andlhence'of the heat generated by electric-power
dissipation.- - | - |

Elutant solutionventers through the clear Lucite
‘acryliceresin disk shown in Figure 10. Both the upstream
fitting ofriucite (which offers a direct view of the top'
of the eolumn) and the dOWnstrean offtake plate of Teflon
(deseribed above)ﬂhave'inlets'or outlets'for.;he electrode
compertment coolant. The coolant'streems'flow concurrently
with the elutant. o

The solute feed enters the bed through one of three
rings of Type- 304 hypodermlc needles (one ring is shown 1n |
Flgure 10) . The needles (of 0. 042 inch o.d. ,_0;027 inch 1.d.,
and 3,25-inch length) are silver-soldered into the annular
manifold and penetrate about 0.25 inch into the packing to
prevent 81de mixing with elutant at the top of the bed.
The needles and rlngs have been electrlcally insulated

with Scotch-Weld structural adhesive. Each needle is
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pointed to provide a large elliptical port Which-opens in
the tangential direction. |

The coolant stream for'thelinner.electrode enters
.above the top plate and exits below the offtake plate,
A throughypolyviny1 chloride tee fittings Which also support
thevelectrode. COﬁnection of the inner electrode to the
current‘source is made at the:top of the:eolump, by a copper
sleeve clamped to theicable from the rectifier. The
-electrical Conneotion'for the outer electrode_is made at
vthe bottom of the Hastelloy screen, through a copper-plated
rod extension, to another sleeve clampf'.‘ '

F’By solution and entrainment, each coolant stream

washes away any gas trapped between the respective dlaphragm
and electrode. In order to malntaln a relatlvely large
pressure drop in the outer coolant compartment, it is .
lined with plastic mesh screen and polyethylene'sheeting
Coolant enters through two ports in the Lucite disk at 45°
to the vertical (to reduce channeling) and exits through
six ports in the Teflon offtake plate. |

The Lucite disk for input elutant is held in a
compre831on fit by an annular stainless- steel top plate
(14.5 inches in dlameter, 0.50 inch_thlck) which is bolted
to a standard steel gasketed flange'aroundvthe outside
- flared end of the exterlor glass plpe° The entire
‘separatlon unit rests upon a stainless- steel support plate
(14.5 inch dlameter, 0.75 inch thick) to which the lower
glass-pipe flange is secured by a circle of bolts. Three

3/4-inch (nominal) supports or '"legs'" (16 inches high,
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0. 75 inch dlameter) are threaded left handedly to the
support plate and 'also threaded to floor tlanges to allow

'levellng the column.

Auxiliary-Components : | | . 'l - ' : L,
Mbst of the auxiliary'pieces are indjcated in the
‘flowsheet, Figure 6: offtake sampllng ra(k, power source,
coolant storage drum, dega51f1er, valves and rotameters,
~and feed and elutant storage tanks.

Rotameters are used for meterlng the elutant, coolant,

coollnggwater,.and dega51f1er air supply. A positive-
-displacément_pumb (Lapp Microflow Pulsafeeder_LS—ZO, used
to regulate the feed flowrate)'and centri fugal pumps
(Eastman Industrles E-1 for elutant and Worthington for
"coolant) are floor-mounted. | _ |

'Manometer taps’have been installed in the PVC pipingv
to measure pressure différences.between the bed and the two
electrode conpartnents; "Regulation'of the unit is
complicatedvby an appreciable permeablllty of the
dlaphragms, about 0 6 cc per hour per 1n2 per ‘foot of water-head.
/sglses in the coolant lines between the column and the ' 4
dega31f1er allow adJustment of the coolant streams to the |
pressure level w1th1n the packed bed, so as to mlnlmlze'
- transverse flow through the dlaphragm

Leaks can be_detected between the bed and either

coolant compartment by observing the;pressure drop produced
when the valves to the other compartment'and alsO‘on the

bed offtake are closed and elutant is pumped 1nto the

bed - a pressure drop less than normal indicates a leak
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Temperature measurement of the elutant (upstream) and the

1n31de coolant (upstream and downstream) are made by

_probes (Cole Parmer no. 8444 tubular stainless steel,

5/32 inch diameter) inserted through the external piping.

Degasifier. Coolant flow rates, at a power input

of 2 kw, set to keep_the temperature rise within streams

'1°C;;afev3.5 for the inside stream and 11.5 gpm for the

outside stream. The coolant streams leaving the columm

flow into separate sections of an aerated degasifier

colum 6 inches in diameter and 30 inches high, partly

packed with 0.75-inch Rasohig rings, to remove dissolved

‘hydrogen (cathodic) and oxygen (anodic). For a maximhm .

SO?émp current, in order to preclude an explosive level

of hydtogen inlair, the required aeration flow rate is

1 ft3/min. Subsequently the streams are mixed for mutual
neutralization‘of base (cathodic) and acid (anodic), and
degasified remixed ooolaﬁt drops into the 50-gallon storage
tank where it ls feCOoled | Throughout, the cooling |
system is bullt of unplast1c1zed PVC pipe.

«Power source. A voltage-regulated silicon rectifier

(Rapid Electric Co., Bronx, N. Y.) has continuous-service

maximum outputs of 50 volts and 100 amps.

- Operating EXperienCe

The experimental column has run for as long as 12 hours
without operational difficulties. A manual is available -
describing the startup, rumning, and both normal and emergency

shutdowns (Vermeulen and Tobias, 1964). 1In start-up operation,

.dlfflcultles arose
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“in maintaining;desired pressure leveis aud'flow rates, and
ﬂn-repairing 1eaks‘at variOuS’points in the separation
Vunit. ‘The column 1s flrst run without current, and w1th dye
feed, untll the operatlon in general and the offtake symmetry
in partlcular are satlsfactory v Durlng a typrcal run, the
pressures, flow.rates, voltages, current, and temperatures

oan'be.recorded at half-hour intervals by a single operator.
'RESULTS AND DISCUSSION

Temperature and Voltage Profiles

'In general experlmental temperature proflles agree
reasonably well with theoretical proflles predicted from
the conStant-property treatment. ;Figure-11‘shows_out1et-end
temperature‘points for a typical run, with aﬂcalculated'
| ourve'using the apparent average'diaphragm temperature as-
the wali'value. | B )

:An'observed radial'Voltage profile is shown in
Figure.IZ The‘pldt:reflecté'the fact that in-eylindrical
geometry the potent1a1 E at any radlus r (relatlve to the
value at the outer dlaphragm) varles linearly with 1% r.

Con81stent w1th Equatlon 6;
) rav i - .
= (i/ZUk&QZn -+ o (19)

where i is the total current per unit helght of bed. From
» voltages measured at two feed rings relatlve to the outer

electrode, and from electrical conduct1v1t1es measured for

the coolant, the voltage drops across the bed and coolant.
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Compartments can be calculated; the remaining voltage drop
is attributed entirely to the diaphragms and is seen to be

relatively large.

Radial Dispersion

Datavfor typical runs‘without curreﬁt are plotted in
Flgure 13 on probablllty llnear coordlnates, corre3pond1ng
to the Gau831an relatlon of Equatlon 16 The indicator
bApolon is a neutral dye (molecular welght 342 absorptlon
_peak at 440 mt) which is useful in studies of electroosmotic
effects in electrophoresis. Agreement wifh thg predictions-
for the rectangular model is quite good, even for the
inner feed ring. (The‘agreement is poorer for electrophbretic

runs, as discussed below, malnly because of operatlng

difficulties. )

Separatlons

| Tévexplore.the'Seéaration cabacitiesiof the continuous
electrophoretic apparatus; inexpéhsive;,readily analyzed
compounds have been used in the feed mixtures. ‘Binary mix-
tures of dyes and of amino acids have regeivéd the greatest
attention. The dyes'studied, with propérties reported by
WerUm‘gE;gl. (1960), were Apolon.(heutral), Briliiant Blue
(-2), and Amaranth (=3); the amino acids used were glyéiné;
glutamic acid; lysine, asparagine, and'prolinec vThe analy-
tical techniqueé employed were direct speptrdphotometry:for
the dyes; the ninhydrin épectrophétometfic'method for most
- amino acids, as given by Greenstein and Winitz (1961), and

‘polarimetric detectlon for prollne
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Amaranii-Brilliant Blue. Because dyes give immediate

visual evidence of degree of separation in experimental rums,

Amaranth’and-Brilliant Blue were used_extgnsively in
charactérizing the unit and.deveioping_operatingVCOntrol;

A block offtake.pattern-fér the separation of Fhis dye
pair is sﬁown invFigUre'lQ.‘ In this case the‘peaks of
Amaranth (three negative charges) and Brilliant Blue (two
negative charges) occur in rings 2 and é,respectiﬁeiy.

This run indicates that speéies with aﬁy greater difference

in ionic charge ‘should separate extremely well.

GlycinefGlutamic Acid. The first attempted amino
acid separation-was performed on the pair glycine-glutamic
acid.  Since thevninhydrin-spectrophotometriC-analysis
cannot distinguiéh between amino acids,vthe movement of
each éomponent in the column was first studied separately.
Offﬁake-patterns_for these runs are shown in Figure 15.

At the'pH of these experiments, approximately 7.0, glutamic
aciq_has'one negétQVé'chargé whiie glycineVis'neutrél.

In this case the ﬁéaks'of the amino acids are separated

by two rings, with nearly 40% of the glutamic acid in ring
3 and over 40% af thé gljcine in ring 5._'Subsequently, a
run was made with a mixed feed of the two.componentsw The
combined offtake patterns, Figute 16, indicates that the
separation was even better than that predicted from the

separate runs.

Asparaginé—Proline.l The most sensitive test of the

separation capabilities of the unit to date involved a

mixture of the amino acids asparagine and preline. Compared
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to entirely anionic glutamie acid with neutral glycine (at

pH 6.9), the asparagine at pH 9.3 was 75%'in anionic form,

and the prollne was 5% in anionic form; thus the latter

_mlxture is more dlfflcult to separate In a run with

mixed feed at pH 9.3, polarlmetrlc detectlon of L-prollne
in the offtake samples made it possible to establish

separate offtake patterns for the two solutes. The block

‘Offtake'pattern in Figure 17 indicates a fairly clean

»separatlon, even though' asparaglne has overlapped into

ring 8 Channeling within the bed, ‘slight imperfections
in the offtake plate gasketlng, and imperfect control of
offtake £flow pates may all contribute to the observed

distortion of thebofftake patterns. In general, however,

over'90% of a solute band appears within three offtake rings.

Conclusion

The.separaﬁions just described demonstrate the practicality
and predictability of using cbntinuous‘electrophOresis for
solute feed rates of 100 to 1000 grams per hour. The
probiem of collecting‘fully separated fracﬁions favors a
larger radial thickness of bed, while the need to restrict
the temperature rise limits this thickness. Thus, units
giving even 1arger'p;oduetion rates will still require

thicknesses of 5 to.iO'cm.-.Cylindrical units lafger than

the present one will require a lower curvature and will

tend toward rectangular geometry.
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'Better operation and performance weuld be obtained if
' dlaphragms were developed that would give 1ower rates of
electro OSmotlc transport, but were unchanged or. enhanced

in. thelr electrolytlc conduct1v1ty
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NOMENCLATURE
Coefficient

Normality of solute at a point (g-equiv. /2.)

Normality of solute in feed (g-equiv./Z.)

”’Max1mum normality at the offtake (g-equiv./2.)

',_Spe01f1c heat - capac1ty of elutant at constant pressure

- (watt/g® c)

Packing particle diameter (cm)

Total radial diffﬁsiVity (cmZ/Sec)

Electrical potential (volt)

Electrical potential across bed (Volt)

» Redueed'electrical potential (= E/Eab)’
Current den81ty (amp/cm )

Bessel functlon of zero order, first kind

Integer subscrlpt, ‘order of elgenvalue

‘Effective thermal conductivity of bed (watt/cm°C)

Effective electrical conductivity of bed (mho/cm)

Total length (or effective length)

Preduction rate (g-equiv’/sec) “

Temperature rise coordinate ( k (E b/lnr ) ) (watt/cm)
Strength of feed (g-equiv./cm sec)

Rad1a1 coordinate (cm)

Radial p081t10n of outer dlaphragm (cm)

- "Radial position of inner dlaphragm (cm)

Radial position of feed‘ring (em)

Radial position of solute peak at the offtake (cm)
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Radlal p051t10n where T = (cm)

-D1mens1onless rad1a1 coordlnate (— r/rb)

Dlmen51on1ess radial coordlnate (-'r /rb)
Wldth_of solute band at offtake (cm)
Temperature (°C) |

Temperature of coolant and of enterlng elutant ( C)

,Relatlve temperature ( T - T )

Peak bed temperature ( c)

Relatlve,temperature (=T_-T)

P o
Time (sec) ‘

Linear velocity in radial direction (cm/sec)
Linear velocity in axial direction of elutant (= super-

ficial veloc1ty/cross sectlonal area of bed) (cm/sec)

‘Effectlve electrophoretlc moblllty of solute (cm /volt sec)

Bessel functlon of zero order, second kind

Axial coordlnate (cm)

;Thermal dlffu51v1ty (= kh/ c )(cm /sec)

Ratlo (= k /kh)(mho C/watt)

;Elgenvalue

Function of eigenvalues

Dlmen31on1ess temperature rise coordlnate (=T1'/ Ezb)

D1mens1on1ess temperature rise coordlnate for which T =T

p
Density oftelutant’(g/cm )

Residence time in bed (= L/Uy)(sec)
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Figure 8. Radially compartmented offtake plate for .
- . separation unit. Dark circles indicate locations
of thermister probes. :
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Radial dispersion of Apolon in column, without
electromigration. Experimental points, with -
theoretical lines adjusted to experimental
center of mass. Feed 0.5 £./hr, elutant.
7.0.2./hr.. Packing, 80-150 mesh polystyrene.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any persori acting on
behalf of the Commission: -

A. Makes any warranty or representation, expressed or implied, with
respect to.the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or procéss disclosed in this report may not in-

- fringe privately owned rights; or o ‘

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or -
process disclosed in this report. o '

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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