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DISCLAIMER -

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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vThe sécbnd'advance is_the.development and operation of a con-
tinuéus breparative—séale ligand électrcphromatograﬁh. Continuous
separatibﬁ is achieved invthis unit as a result of transverse electro- i }
phoreficlmigfation'ofnuncomplexed rare earth idné across a laminérvflow ﬁ
‘of“complexing ageﬁt in:a packed»bed} SelectiVe compleX formation with
the ién mixture (with a résuitaﬁf»mafked'mobiiity change for the complexed
species) causes. the net electrophoretic migfation rates to differ for each .
component, hence separéteé them.  Zones of relatively pure Ce+++”énd

o+ '

La , in different runs, have been achieved from mixtures of the two

ions, using EDTA as the ligand. -

@
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NOTATION

activity of electrolyte in solution

vaéfiVity of electrolyte in resin phase

a@tivity'of water in solution phase

activity of water in resin phase

~equivalent concentration of . i in solution

equivalent concentration of 1  in resin phase

equivalent concentration of total complexed ions containing

i species
total equivalent concentfation of uncomplexed ions being separated

in ligand electrochrométograph

total equivalent concentration of complexed ions in ligand electro-

chromatpgraphv‘

héat>capacity

effeétivé dispérsion coefficiént‘
axial dispersion coéfficient
‘radial_diSpersion coefficient

particle diameter.

don diffusivity in solution
~ ion Aiffusivity in resin phase

.. voltage

7a® reduced,voltagé variable '

‘ +++ : L F '
~the ratio of the mobility of Ce i on resin in Ag form to the

o e+ R .
mobility of Ce - on resin in Ce form.

~

vFaraday.conStant-
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& ratio of mobility of Ag" on r'esin'in'Ce**+ form to the mobility of
Ag+ oh.résihlin Ag form

h - distance in éirection ﬁerpendicular to ﬁféﬂsitioh betweeﬁ com-
pdhents'in é'ligahd eiecffécﬁréméfograph

"H ' léngth.of elééffoéhrémafoérabh | |

i cur%ént o

Ki,Ko...Kp Bjerrum stability ébnsfénts

kb specific electrical bed conductivity

kh;_ éffecfivé thermal cdnductivity

K, = kﬁ/ks, ratio qf;béd condpctivity tb solutiqﬁ'COnductivity

kﬁ séécifié.élecffical particle conductivity

Ké : =vkp/ks, fatio of particlenconductivity to.solution conductivity .

ks. ' specific'éiécfricéi;éélﬁtiqn conductivity

L . half:the.distéhce beﬁweeﬁ cébliﬁé faces

m ﬁéialit&vsf.i. in‘soiution -

ﬁi molality‘of i 'inifesin pﬁasé.

Mn =_ﬁAKn,'a cdﬁéfént gi?éﬁ by:the proaﬁct‘of:the resin phase coupter.

 ion molélity_ana the resin phésé.Bjérfum stability constant

Nij net équivélent ﬁfansport of componenf' i across the i-ij trahsition

Q .equivalent resin capacity

R ..‘ gas”constantv‘ B

'ré"-vequilibrium»parameter_'.vb

R%r éi(xj¢i)/(xi¢j),}a modifie§ équiiibr;um parametef,for ligand electro-
= chrdm&tbgraph .

S 00/03, ratio of fotal'concentratiQE;E&;ggfomélexed process iéns to

_total concentration of complexed process species
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t time

ti effeétiVe‘transfe£éﬁcé ﬁumbér

T- témpefature

Tt TQTZ, rédﬁéed tempéraﬁure

U electrophbfetic véiociﬁy‘;

Ug  éléctro—osmotié flow Qélocity

Ui "?mobiliﬁy of' i in solution

6i :mobility‘of i ;resin,phase _

UC cthéctive véidciﬁy of fluid throﬁgh electrochromatograph unit
.U%j' éléctrophoretic migfation veigcity of an i-ij transition

Ué‘ net velocity of uncomplexed species.perpendiéular'to transitions
Vay : moiar Volume ofvéléctrolyte.AY | | |

V. molar volume of:#ater

(V. )y swollen volume in the m-form for a quantity of resin that has a
1.0 gm H-form dry weight
.

(de H ﬁolume.pf dry résiﬁ'in the:m—fofm for a.quantity of resip that has
a l.O.gm H—form’dry weight: |

W | width of electrochromatograph unit '

w o = kb/kh, ratio of specific electrical conductivity to thermgl con-
ductivity

(WQ)H. volume of,watér sérbed by avresin in the'm—form'for a quahtity'

of resin?that has a 1.0 gﬁ H-form dry weight
Xi _equivalept fractioh ofv inrof tétal un§omplexed prdeess ions
-Yi. "quivalenﬁ fraétion pf i of tptal,compleXed'process ions
Y, _ ééui?alént'ffagtion of i on reéin :
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direeﬁion of con#éctive flewvin electrochromaiograph unit
dimensionless,.normalized convective dietence |
difection of.electfopheretic fiow iﬁ eiecirechromatograph unit.
dimensioﬁlese; nor@aiizedﬂeieeﬁfophoretie:distance ' |

feed distance .

valence of ion i

ze/Ze, reduced. variable

i

kn/pCp,_constant, ratio of thermal conductivity to the product.

ofrdeneity and heat capacity

" resin selectivity ceefficient for ions i and j

ectivity coeffiéient for'electrolyte in -solution

,activity coefficient for electrolyte in resin phase

volume- fraction of a packed bed not occupied by the particles

= U /D)(E—gawﬁ [h - U COt)/(CO+CO)], dimen31onless variable
o

angle bétween transition path and coordinate in direction of con-
 vective flow

: equivaleht'conductivity of‘.i in the resin phase

stoiehiemetric coefficient of :i
sum of stoichiometric coefficients of electrolyte
= (YiC: + XiCO)/(CO + CO),_the point value equivalent fraction of

i (in both complexed endvuncomplexed form)

 density

© total uptake of .'i by résin (including complexed and uncomplexed

species)'

- "residence time .

i modified concentration parameter for solution

UI

= C.D, +E

and resin phasesv'

v
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ELECTROCHROMATOGRAPHY
Eleétrochromatography may be described as a separation procéss
combining the techniques of electrobhofesis and chromatography to achieve

an enhahced separation. Such a proc@ss may'bebeither continuous or batch.

' For'the'preparative'SCale continuous operation is often desirable.

' Continuous éleétrophorésis is the Separation of electrically
chargea species of different-mébilities from é continuous feedstreém, by
application of a(direét-currént vbltége perpendicﬁlar to the direction
df_flow. The chafgea spécies'eacﬁ trével ét the same:velocity as the

bulk 1iguid'in the direction of fluid flow, but at different velocities

in the transverse'(electro-migration) direction. The path thus traced

_duﬁ by each ion will have different angles with réspect to the fluid

stréamline, allowing the separétéd species to be continuously collectéd

- along the end of the apparatus.

When the fluid stream moves thfough a porous adsorptivé medium,
with_a'd—c eiectric field imposed at right angleé to the floy,-electro—
chromatography'results.' The séparation'is determined by the chromato--
graphic‘veloéity (less than thevfluid velocity) in the direction of fiuid
flow; and by the fluid—phase and adsorbent-phase mobilities,'aé well as
by the distribution fatios for the ions between the fluid and the sorbent,

in the direction of current flow. Cza,plan:L has shown that the presence

of an adsorptive medium, such as an ion exchanger, can enhance or dimin-

ish a prospective,sepafation, depending on the particular system..
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Criteria for Apparatus Design

The major réquirements to be met er_SuccesSful sépérationS'via

electfdphoresis or electrochromatogfaphy fail,into four categories.2

1. Finding»éonditiohs (solution_gompoéition; resin cbmposition
and.s%ruétﬁre) théf will give .selective migratidn with enhancement rather
than diminuti§n of'selgctivifyxinv#he évent adsorption occurs. For
elecffochfomatogfaphic1separatiohé, howevéf;'iohic.mobility data on sor-
bent materials such aé ion ekéhanéérs is eépecially laéking. Estimate§  ‘
of ibnicvmobilities dh_such sorbentsnas ioﬁ—exchaﬁge rééins or mémbfaﬁéé
can Bé ﬁéde for exéhangers inVQné ionic fbrm‘frombreﬁdrted éélf—diffﬁsivi_
. 3-18

fieé{ Resin ionic mobilities are however strongly affected by the

presenéé of othér ioﬁic species;11319’2o at present:no adequéte:approach‘
: has-yéf beeh develoﬁéd fér_estimafiﬁg individual.ionic mobilitiéé on
éxéhénéers in mixed ionic form.

BRREY 2{'vQ5t§ininé étabéi floﬁ.conduéfions-by uéé of an "anti—conﬁec—
'tanf;h}i;é,'a p&féus'mediuﬁ suchﬂéé a packed béd.uéing small sphereé or
gfanules; addition 6f a water-soluble pol&mér, or imposition of a vertical
dehsity‘gradient. .Such-stepé may th be.sufficient; due to interference
.from §hanne1ing.¢aused by irregularity‘of‘packipg, or from eiectro—osmotic
flow, or temperéture.gradients.

3. ,Coﬁtrolliﬁglﬁhe.téﬁpefafure risé. Heat produced byvthe passage
 6£ current is one of.the.mbst seriousvféétOrsvlimiting electrochromatographic
_séﬁarations, especialiy.onvthe freparative scale._ The need to provide
adequaté cooling (to preventvthe stabilized fIOWIfrom being'disrupted‘by.

1

- dissolved air bubbles, thermal gradienté, or at the limit, by the liquid

2

.
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boiling)'requires cooling and teﬁds to limit-the.éize (the distance
i»bétween cooling faces) as well as the Voltage and the electrolyte cohcen;
traﬁion,‘

j!h. Transverse spreading by molecular diffusion and eddy dié—

persion.

Appafatus Types

"The need torcontfblbthe maximpm teﬁpefatﬁre.rise in the éystem
has fééﬁited in.two main ﬁypes of apparatus for electrophoresis and
eleétfoChromatograpﬁY? o | | |

| ‘First, mulﬁiéoﬁboneﬁt'"ribbbn"‘sépafaﬁioﬁ units——apparatus capable
ofvsepafatingvsmall quantities of»ﬁixtﬁres.ﬁhich may contain few or many
speciés. In genéfal, sucﬁ'ﬁﬁits opefate with high voltages and low
currghts. | S i

'Seéond, 'iblockﬁ sepafation units?—éppara;us deéigned,to separate

largef qQantitieé ofwa ﬁiitﬁfé iﬁto'fwo (or at ﬁoét'three)‘species or
fraétibnsJ Sﬁch.unifs generally use.low to’ﬁoderate voltages and high
currents.

Figure l.iilustfates tﬁe two typeé of appératus.with their most
characteristic-types of separation{b Ribbon units are characterized by a
large disténce Zé for electroﬁigration, such a§ ié needed to separate
several compénentslinto distinct:zones. .Tb achieve a large horizontal
movement of ibns in a reéSonéble time, large voltagé.gradients must be
used.  The resultiﬁg high_leVel‘of Joule heating necessitates a narfow
Idistancé betweén ﬁhe cogling faées,vshown as.the thickness w in Fig. 1.

- The small cross-sectional area and the required residence time combine
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D

ELECTRODE

>

N~

//
 ELECTREDE =~
ELECTRODE

a) "Trace" Unit Do b)) "Bulk" Unit
cooling at faces - R _ ' ‘ cooling at

electrodes

Fig.'l, Typical electrophoresis or electrochromatograph apparatus.
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to.l;mit the throughput in such units,‘ﬁith'no.scale—up possible except
by médulér replication §f_the original_apparatus;( In the case of block—
unitfseparations; only two Qrithrée components or fraétioﬁs are separated,
and the’separation_distaﬁce.and the reqﬁiréd voltages are less. Hence,
adéquate.coolingfcan_be aéhieved by circulation of a cooled electrolyte
adjacent to the electrodes. ,(Aﬁ‘sufficiently_iow concentrations, adia-

baticxopération'may_be possibleu)g Now the thickness of the apparatus w

is notvlimited,;and,séale—up can readily be accomplished by extending -

this dimension.

Modes of Operation

vBoth types of units have geﬁerally been operated in the trace

~ fashion; that is, "background" or "elutant" electrolyte is fed to the unit

aldnngith the mixture'td be separated with pretty much the same effect
as in trace chromatogfaphy. This background eleétrolyté;allows the ions
of the mixture ﬁo.separate into distinct zones, with the background electro-

lyte providing the necessary electrical conduction between zones. This

* background electrolyﬁe unfortunately also permeates the zones of separated

comenénts and must-sﬁbsequently‘be removed by some method.

Figure 2a shows avtypical result for a ribbon unit operated in the
trace mode. Block units operated'iﬁ theftface mode (Fig. 2b) will often
have the tﬁb zones o&erlap somewhat (due to fhé larger émounts of feed

mixture) but will again haveubackground electrolyte present in and around

+the two desiréd zones.

. A more desirable potential operation for.preparative applications

is in "bulk" médeg that is, as shown in Fig. 2c, to have one separated
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BACKGROUND

CONCENTRATION

A' V/;a\ A
~ OFFTAKE REGION
A. RIBRON UNIT IN TRACE MODE

BACKGROUND

CONCENTRATTON

o  OFFTAKE REGIOM
"B, BLOCK UNIT IN TRACE MCDE

CONCENTRATION

o  OFFTAKE REGION
€. BULK MODE OF OPERATTON

rig., 2. vﬂfftake‘pattérns for trace and bulk modes

~of operation,
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componéﬁ£ follow the'bﬁhef withoﬁt'the.breéence of a background electro-
lyte in gf between thé désired zones; Té‘maihtain eiectrical conduc-
tivity,‘éﬁher ions may beirequiréa fd bracket the separated zones; such
ions,vhoﬁever, would ﬁbt ﬁérmeaté fhe Separaﬁed Zones; The ovérlap
regioﬂé'ﬁetwéen comﬁonenfs-are recycléd,.and‘énl§ pure coﬁponénts col-
lected. Such operations admit fééd.solutioﬁ over a lafge part of the
ehtraﬁcé.cross—séctioh, and hénce provide'ﬁfoéd zones of separatea com-~
ponenté; | | | |

N Téblé I gives some'of'thé“éannﬁégeg.and disadvantages éfsthe.two
ﬁypes of units operaﬁed in thé.fwd modeé{

.J For electrochromatogrdphiévseﬁaratibns,.additional considerétion
of the“sorbentbmusf béjmade. Fbr Cdntiﬁuéus éiebtrocﬁrbmatographic'separa—'
tions;'théfe must be eifher a difference in mobility of the jons on the
éofbéntior_é large sélectifity betWeéh the.idns by the sorbént, of both.
The only'éorbents1éffectivé are those thch ieafe the sorbed épeéies in
a mobile--that is; idnic;;férm,,sﬁch as ionic—ekéhange resins. For the
resins, mobilityvratios and'sélectiVity generally increase with ihcreasing
crdsslinkageL However, the actual mébilities decreaée, especially for
multivalent ions. Thus the rate of separation, which depends in part on
the ionic ﬁobilities-on»the resin? becomés very slow. In addition, most
standard resins arernét'véfy”éelective between similar ions, such as the
rarévéarths. Soluble cdmplexing agents provide an aiternaté means of .
enhanéiﬁg the'relativé mbbilities, if they are.selective and also pro-

duce a marked changejin mobility for the ions which become. complexed.

The separafioh in such a case depends on the electrophoretic migration
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Table I
| , | * Ribbon Block
Objectives for separation _ ' : :
T - Trace- Bulk Trace Bulk
Ability to separaﬁe many
. components . - + + 0 0
Products:réasonably concentrated‘ - +- 0 +
. Easy scale-up - - + +
Low.pbwef consumption per -
" unit solute recovered - - + 0 +
. Low voltage (minimizes safely
' - - + +

¥
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in tﬁe sdlution and thé.selectivity of the complexing agent for the ions.
Compleiihgragents.can generally be found that aré very selective within
any givéh ion group. In the‘separatioﬁ‘éffréfe éarths, for instance,
EDTA.and’éimilar»compbundsiha?e.beéﬁ:foﬁndJ£§;éxhibit a very iarge selecti—
28 : .
‘From the points discuséed in the prévidus'section, the éonclusidn
can be drawn that ﬁﬁile a riben columnvis indispehsiﬁle for analytical

Work;,thefoptimal preparative;scale separation.is achieved on a block

. unit operated in the'bulkvmddé using soluble complexing agentsvas the

chromatqgraphic.sorbent;'

"Ribbon" Separation Units

ZHiStorically,.electrophoresis.and electrochromatography have been .

of ihterest primarily as an analytic techhiquei_.Thus most units that have

been developed are;of‘ribbénvtype.‘ Most such units, both in terms of type
and of actual number in use in analytic.laboratories, employ filter-paper
turﬁains_as the supporting medium for flow. Curtain units and other ribbon

designs have been reviewed by Pucar.21

Filter-Paper Curtain Units

Sﬁch units are bpefated in one of ﬁhree_mannéré: Single~direction
batch,vtwé—dimensionél bétch, aﬁd cbnfiﬁuous. Temperature riée is ofteh
controiled'by fiuid_eVaﬁdfétion from the paper, its moisture content being
febléniéhed'frqm.électrolyte.soiufiqns af,gach end; Cooling can also be’
achieved by clamping.¢ooled glass-or_plaStic‘plates (coéled by-Wétér or
gaé circulated 6utéide)_to‘each-side of the filter paper. | |

\
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In diééontinuous'single—diréction eiectrgbhoresis; a rectangﬁlar
filter éheet is wetted‘énd piaced on a ﬁbrizontal support. The énds'are
.dipfed ih£o separéte éontainers of electfdly£é containing an eléctrode.

The éémpié t§ be separa£ed is introduced as a spot on this.wettea sheet,
and voltage isléppiied.b | -

o Discontinuous twofdimensional electrochromatography is conducted
similafiy, except thét after the electrophoreéis step an eluting solution
is paésed through the filter péper“to p?oduce a cﬁromatographic separation
perpéndic&larlyJto*théseléctroéhorétic~migiétion. | . |

vContinuous'péﬁer.eléctfophoresis units are mounted veftically, or

at aﬂ_angle, té alioﬁ gravity flqﬁ of fluid.ddwn-the paper curtain. Typical
units.aie:shown in Figs. 2,.3, énd 4, The eleétfic field is applied per-
pendicular to the_flow;‘though’a uniform field is not always-prqvided,
Fig. 2'isvan example df such a resulting rnon-uniform field. Thé'voltage
in thisfcase is applied-to;ﬁhe_end corners of the paper only, fesulting
in.curved lines éf'fbrce er.the_electric field. Figure 3 shows the mosf
common type of rectangulaf.papér'curtain;_with.a relatively uniform applied
field.v.Figure 4 is an example of ‘the typevof geometry possible for the
paper curtains beéides fhe reétangular shaﬁes. Commefcial paper-electro-
phoresis uﬁits are those marketed by Beckman (Model CP) and by Microchemical

Specialties Co. (Kirk-Misco "Variable Angle Plate" Spectrolators).

Packed Beds:
 .In these unitsbthe paper -curtain is réplaced by a flat rectangular
bed packed with beads or granules or polystyrene, ion-exchange resin,

adsorbent gels, or with other porous media. Cooling is accomplished by
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jacketing the faces of the units. Such units generally have a somewhat

: largernthroughput capacity.than the filter-curtain units. The beds are

thicker than the filter sheets, but must bé‘operated>at lower power levels
because of the larger;pafhsafor'heat removal., A commércial unit of this

type is the JMK-Stubbings apparatus aVailable_from'Fisher Scientific.

_Free—Flow'Units:

Free flow between closely and precisely spaced horizontal glass or
plaétié'sheets provides a means of achieving stable flow. In units using

this means for preventing convection, cooling jackets are provided above

. : : ‘ 5
‘and below the flow section. The unit developed by Blakebrough and_Bron§§ 3

is showh;in Fig. 5. Commercial.unitS'of this type include the "Pheroplan”
developed by Barrollier, Watzke, and Gibiange"and Elphor model "FF" available

from Brinkman Instruments..

~Block Units
These units may be scaled—up from ribbon-type systems, or may

utilize selective counter-ion transport through ion-exchange membranes.

Free-Flow Uniﬁs

Dobry and Finn30 attem?ted to séale-up free-flow electrophoresis

from milliliters to liters per hour. Figure 6 gives a schematic repre-

sentation of their apparatus.  The mixture to be separated is introduced

at the'bottbm of the column; the separated zones are collected in slité

‘at the top.'.quw in the separation chambef, as well as in the electrode

compartments, is upward, and is stabilized'by the addition of Methocel, -
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|
4
i
i
i

Flg 2. Durrum paper—sh'eet appar_atus,'_’withf.trj.ough' for elutant, e
. inlet wick for feed; eleg'tro_de‘ containers and collecting vessels
- 'at the base. ' K ' '
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v'Fig. 3. Durrum apparatus with membrane-covered electrode, allowing
~continuous flow of coolant and rectangular voltage gradient across
paper sheet. c -
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Strain's spparatue o '
Ppraratus.  Separation sheet trimmed to trap L |
O ITrapezoigd ' f‘

shape lieg on
8 a,sloping~b' k . of
electrodes along the sidejoC 0! polystyrene foam; platinum wir
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' — Electrode Compértment

4, Cooling Compartments
Electrode ) SO ‘ . '\
Compartment \ N '/ N )
Glass Plates- 2N _ J
| %m&%%%%%%%
E QA - ,
U Inlet Manifold

Fig. 5. Blakebrough-Brookes apparatus for free-flow electrophoresis.
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Fig. 6.-'Dobry—Finn‘apparatus with upwafd-laminar flow of high-

viscosity solution. .
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polyvinYlalcohOl;‘or.Dextran'to the bsckgrouﬁd‘SOIution. By operating at
low power den51t1es (low concentratlons) the temperature rise for the
llquld per pass through the column w1ll remain less than 1°cC. |

| Dens1ty gradlents to stabilize flow were flrst employed by Philpot.

Mel25

Valso applled this technlque in the apparatus shown in Flg. 7. The
liquid flow is in the horizontal direction, with layers of increasing
density(from top to bottom).introduced at one end through separate inlets.
The density gradient is established using increasing amounts of sucrose,

0 to 7.5% top to bottom. = Mixture to be separated is introduced in one
suoh‘leyer. The electric field is epplied perpendicular to this flow by
plaﬁipum electrodes placed above.andrbelow the flow chamber. The elec-
trode compartment is‘separatedufrom the flow chsmber by permeable mem-
brshes. In both the above units,.no‘special,oonsideration is given to
cooling; operatioo is restrictedlto low electrolyte concentrations and

low voltage gradients.

Packed-Bed Unit
A preparative cylindrical electrochromatograph (ECG), modelled
after existing packed electrophoresis units, has been developed at

33-36

Berkeley : and is shown in Fig. 8. Cylindrical geometry was selected

for»seale—up beeause'of the relative eese of construction and the absence

high. The annular bed is separated from the inner and outer electrodes

by porous ceramic diaphragms, and is.packed with uniform spherical.par—

ticles of small diameter. Mixture to be separated enters in a narrow

~ band of hypodermic needles at the top of the column and is collected at

2k

of edge effects. The prototype units is 9 inches in diameter and L8 inches
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the boftom through eight cifcular offtake grooves. Background electro-
lyte Qr'"elutanf"'is fed downwards continuously‘andvuniformly across the
entire .bed cross-section. Coolihg:of the unit is achieved by a raﬁid
circuiaﬁioﬁ of a codled_é;ectrolyte between the ceramic diaphragms and
thé electrodes. _Qperating'ﬁoltages lie in the 25-100 volt range, with
approximately haif of the‘yoltage drop'diSsipated'acfoss the porous dia-

'phragms.

Electrdphoresis—Convection>Unit

T The apparatus devéloped by Bief,3T'Fig.v9, iS-baséd on the prin-
ciple:of eléctrodecénfation of‘Paﬁli,26 and can be uéedvfor'separating

amphdtefic colloidal mixtures. A component which has its isoelectric

pbintfat the éperating pH can be Séparated from the mixture. The apparatus

consists of two parallel semipermeable membranes (3-4 mm apart) with a
porous filter between them. The solution is fed-continuously at thé'top

of the;left—hénd cbmpartment} The polarity is. adjusted so that all the

negative ions or negatively charged colloids migrate to the left membrane..

The ions pass through, while the colloids flow out at the top of the
right-hand compartment; these in turn can be removed, either by changing
the solution pH, or by feeding this stream to another similar unit with

reversed polarities.

Membrane Electrophoresis

Separation of charged species is possible if differences in
mobility exist between the ions for migration within ion-exchange mem-
branes. Glueckauf and Kitt29

by membranes resulted in large differences in the various co-ion

found that the partial exclusion of co-ions

f
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Fig. 9. Schematic'side-viéw of a forced~flow electrophoresis cell,
showing semi-permeable membranes and central filter.
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mobilities through such a membrane, eéspecially for co-ions of different
valences. Unfortunately'the transport number for co-ions is close to
zero{_fo~placing a cation and anianion membrane next to each other,

the transport'numbers for«cations‘apd’for.anions each becomes approxi-

mately 0.5. The:effect_of‘thesefdouble membranes can then be harnessed to-

give a separation by an arrangement such as in Fig. 10. Unfortunately
" such double membranes.produce_large resistances to current flow and

require large voltages even for small currents.

Electrsaialysis

o fﬁis is;‘in.sffecf, s process for ssparsting oppositely charged
spesies. .The.basic>uﬁit; sden in'Fig; 11, consists of a coﬁpartmenﬂ :
fofmed by nsfrowly spased sation and aﬁioﬁ exchangé resin membrénes, with
a.d;éﬁsoltdge gradient.applied ?efpendicuiariy fo the membfane surfsces.'
Sincé'the tfansfefence numﬁsf for fﬁe counter ions in an ion;sxchahge_'
msmbfanssis éldsé-to one, the.éatiohs ahd'the,anions can migrate but of
thecéll through ths réSpectiVe membranes, but-the'corresponding'co—ions

are prevented from entering the pentrai compértment. Ions with the same

sign can be separated in such a unit by using selective oppositely-charged:

muitiValent complexing.agéntsvtd change completely or preferentially the
sign.of one of the'chsyged sPecies through complex formation. Hershey,
Mitcheli, sﬁdaWeﬁbQT séparated Cs and Sr through the_selestive complex
fofmation of ‘8r with EDTA‘and DPTA to. give anion'complexes, while Cs
remained an uncomplexed cstion. Bril, Bril, and KrumholzZ8 havevpartially

separated mixtures of rare earth ions using’EDTA._

or
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Schematic flow diagram for multi-compartment cell

(Glueckaut and Kitt).

~ Fig. 10.
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Concehtrétion—PolarizatiOn Sepafations

When a highly selective ionfoxchange meﬁofane is placed in an elec-
trolyte'solutioh and a dc voltage.is,applied across the membrane, dif-
ferences in the.transfefenoe numberobfof ooﬁnter ions énd.co-ions in the
membroﬁé relative to those in the solﬁtioﬁ reéult in a concentration gra-
dieht;adjacentjto eaoh'membroné éurface. Co—ion builds up on one side of
the.membrane, and is'dépleted on the other...At steady state, electro-
phoretic migration of'oo—ion in one»diréctioo is offoet by diffusion io
the othér. Due to‘eléctroneutrality; thé coﬁntor;ion'and co-ioo con-
centratiohs are always equal; For oountor-ions, transport near the mem—

N

brane surface is the sum of electrophoretic migration and diffusional

migration. Electrolyte depletion at the membrane surface causes the -

~

electrical reéistancéfto.increase and the mass transfer rate to become
diffusion-controlled. (It is often desirable to eliminate the diffusion
layéf'by stirring or QtﬁefwiSe promoting convéction.)

In Electrogravitation, feed solution is introduced between two

closéiy—spaced vertioai meﬁb;anes; for separating cations, anion membranes
are used, and vice verso. A density . gradient caused by the concentration
gradients induces natﬁral oonvection; the lighter liquid at the depleted
membrane surface rises, while tho concentrated electrolyte sinks. The
concentrated layer teﬁds to have a higherfooncentration of the faster-
moving species; hence ioné of low mobility predominate in the dilute
soiution.at-the top, while ioné of hiéhér mobility aocumulate in the ﬁore
conoentrated SOlutioﬁ at the bottom.  This type of unit was first demon-

strated by Murphy,31 who used two silver-gilver chloride electrodes in
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place of the membranes. Friiefté,32 using anion membranes in the unit
shown inYFigﬂ'12, partially'seﬁéféte&'H+rand Né+;;k+ and Li*, and ¥ ana
Na+. | 7 |

As a possible‘new-séparétion dé#iqe, pfqposed here for the first
time,.a stablé bfoad;bandvcoﬁcentration gfadient can be deVeloped in a
packed béd of ibnfexchénge resin confined by fwo similar membranes, throuéh
ap?liéétidn‘of,a d-c véltége. 'Thélresulfiﬁg éepération will depénd on
solﬁﬁion—phase and resiﬁ—phése ﬁobiiitieé of the ions and on the‘resin.
séleétivity for the ibns;: |

As an examplé; cations'afe éeparated on cation resin between two
anion membfaﬁési: Eiectfolyte éolﬁtion coﬁféihiﬁg two Cationé is intro-
duced at one end of the unif, as shown in_Fig. 13, and voltage is applied
across the unit. .Since.anion memﬁrahes.afe used, thfough whicﬁ only “
aniéné'ﬁigraté, the.cationé femaiﬁ trapped between the membranes.

- Conéenﬁréfioﬁ-gfadients startiﬂg at‘ééch membfane”surface wiii
graéuéiiy spreéd across the bea until a-steédyféfatevgradient is developed.
At_ﬁhié-stéadyfstafe; for the two.cations, the combined electrophoretic
migration in SOiution—and on the resin in one direction is offset by dif-
fusion in solution in the‘othef direction dﬁe'to the conéentration gra-
dientﬁ; Ion transﬁort is governed by solution-phase mobilities at the
conéentratéd end and bj'reSin-phaée mobilities at the dilute end.
Separation'requirgéﬁthat differenées in resin-phase mobilities; solution-
phasé'mobilities, or £esin selectivity‘exist for the ions to be separated.
The net transport'of,currenf is -equal exactly to anion electrophoretic

and diffusional migration. The equation for migration of ions under such
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conditions is:

£, | aC; | N [ .
——n .1 FOE . =, i = F. OE :
‘ : i =0y g7+ 20 qrag) - Di(aze-+ 2:% RT aze) > (1)

where 1= current; tiv= effectivévtransferenée.number (ti > 0O ifor ions

passing through membrane, anions in this caée; ti = 0 for ions not passing

through the membrane,.cétions in this case); E = voltage; Zi = valence;

'Divahd_ﬁg are the ioﬁ diffﬁsiviﬁies in the solution and resin phases

respeétivély; Ci and Ekrare the‘corrgéponding equivalent concentrations.
In the above equation the gppliéability of_the,Nernst;Einsteih

relation for both ﬁhases has:been assumed.,

and. substituting it into Eq. (1) yields

t, ¥, ."3E . : _
1‘%‘=*<a“z‘;+1RT“’i§i—> c W)

A If the system contains . two. cation spéciés‘(l and 2) and a

single anion (3), the eQuatiqhs_for the sepafate,species becomes:
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oY, . ' -
: ’¥1 ¥ 3E
t, =0 O=5-*21 &7 Y152 (5)
. _ : e T T e
. , , v - ‘ . : .
- S e 2,5 F oy 0F -
t, =0 0 = ==+ 2,7 wzvaz - (6)
. e e
. )
o | .
3 - Y '
= Y ] F oy 9B
R B TR0 i (7)

 To get the steady-state concentration profile for the cationms,

Egs. (5) and (6) can be combined, resulting in;

;;; 9y - E}_ ;L.?E@i ' (8)
Yy %o Ep Yy e
Ihtegration.yieldS"
1o E;__ _ El'ln'ﬁg , | SR (9)
or
A (5*‘ | (10)
10 20 . )

where ~wld and: sz‘ refer to the conditions at one side of bed, and
wlf'and we_'the conditions. at any other point.
.Either‘Eds.'(5)5dr-(6)'can be integrated to give the relation

between the concentration levels at each.side of the bed and the applied

voltage.
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' The selectivity COéfficienf. a; for the resin gives the relation

between the solution and resin phase cation concentrations;

e » E‘f

a; = Eg“‘f=; .o o : (11)
M1 G2 |

ﬂ'_
The ‘expression for the resin'capacity, Q is

Q=0Cy +Cy o | f B (12)

These two expressions can be combined and the resin-phase concentration

of each ion can be solved for in terms of solution phase concentrations.

Q

C, = (13)
1 2
%Cp + Gy
_ of qc, o
Cy = = (14)
T C,+ C
172 1
‘Plugging Egs. (3) and (13) into Eq. (10) results in:
| a2D CQ 2y /%,
C2D2 +
3 alcg +cy |
o . (15)
_D' 1D2C20Q
2072 2C C
: 1720 7 10

. For the sepafation of ions of the same'Valénce Zl'/Z2 is 1. _Maximum'

separation is achieved when the ion migration on one side of the bed occurs
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primarily on the resin (dilute solution end) and in the solution phase at

the other (concentrated end). 'ThistcorfesPondS'to_the'conditions:

Y 2
Q D >>D (alc2 +Cy )

" dilute end: o
' (aC, + C.)

172 1

o2G T, >> D,

- ~ 171720 ¢ 710 1
concentrated end: ,
B o ol . >> 020 D. . . 16
2( 1020 Cip) >> @@ D, g (16)

With these conditions, Eq. (15) reduces to the form:

C»_'J; - 10 2 o ¢ (17)
C.D
2 ol

‘In éolutlon the mobllltles of alffus1v1t1es of most 1oﬁs are>
qulﬁe 51m11ar7 hénce separatlon is usually caused by thé mobility or
dlffuslv;ty rat;o D2/Dl for the ions on.the resin together with the resin
selectivity coefficient K.

Since_éhly the’éolutiQn gt tﬁe'sides, whichbgive maximum separation,
are.desiredg the unit shbwn iﬁ Fig..1h is proposed. 1In such a unit the
fééd is,introduced on each side betweén‘aipprous support (such.aé ceramic
fﬁiaphréng) and the membrane. The preseﬁce of‘fhe membranes and the
xstagnant-resin béd brings about the'sfeady-state sclution-phase concen-
vtration.distribﬁtion given in Eq; (15). Having the central bed stagnant
éliminateé the ‘need for contiﬁubus £lows in this section, which would have

to be recycled.
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Sﬁch,a unit achieves'its.maximﬁm separatibn at the.diiute end.
It.cahvfeadily be'eeeﬁ; ffom a mase Belahee ovefvthe entire syetem, thet
the ceﬁcentration ratio of the'fwo.components at the oﬁtiet>for the con-
centrated stream cennot change very markedl& from the 1npﬁt ratio. A
p0531ble mode of operatlon would 1nvolve continual. recycllng of the con-
centrated.solutlon and collecthn of~the separated, but more dllute,
soiutioh; A caseadiné'of”severel‘such ﬁhits, or a reprocessing‘of pre—
vioﬁSlyecolleeted étreame,:ie.semeﬁimes necessar& for difficult separa-
tione.

- Such units.reqﬁifé:e horizontal opefafing ?esition to keep the
den31ty gradients from produc1ng undes1red convection.  Very lowvvoltages

should be used hlgher voltages only cause excessive electrlcal resis-

tance (and heating) at the depleted membrane surface without any increase’

'in separation rate or extent. No extranecus ions are needed to operate

this unit, nor are any introduced;"Thevlimitation'ofvsuch'a»system is
itsxlow throughput, a consequence'of the low voltages applied and the low

mobilities of ions on the resin.

Continuous Ligand Electrochromatography

A block unit operating in the bulk mode and using aqueous-phase

ligands has been developed in this stﬁdy as a'neW'high—capaéity pre-~
paretive—scele separatidn épparatusg. The prepoeed designation for the
seperation which eccurs:in thisftypevof unit is "ligand electrochromato-
graphy." Cemflexing agent flows throuéh~the main separation section of

the apparatus, and is retained in it mainly by the low mobility'of‘the
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complexes -it forms; :Separation is‘achieved bydthe selective electro-
phoretic'migratiOn ecross the ﬁbed" of'complexiog agent by an ion mixture
supplied in stoichiometric.excess; This proceSS'circumvents many diffi-
cultiee.and iiﬁitations foﬁﬁd in_other eoplicatioﬁs‘of electrOphoreeis. Jﬁ

| ifA schematic.dreWing'of the ligand electrochromatograph is shown
in Fig;tlS. The central separating section is e rectahgular bed packed
with 1nert polystyrene beads as 'anticohvectant“ with fluid flow length-
wise through the bed and electrophoretlc flow of ions in a transverse
dlrectlon. Complex1ng agent is 1ntroduced 1nto the unit partly or totally
with ao'excess of reta1ner—spec1es ions R (Whlch provide complex for—
matlon by nearly all of the complex1ng agent but in a weaker complex’
than thoee formed by the spe01es to be separated) and optionally partly
withdthe feed mixture;‘ The complexes formed'wiii be neutral and have
zeroieiectrophoretic mobility;‘if tﬁe‘uﬁcompleked‘iigend and the ion
mlxture to be separated have equal but oppos1te valences. Otherwise, it
the complexed spec1es have a net charge thelr electrophoretlc mlgratlon
must be accounted for in planning the block-unit operation. "Chaser-species"
ions C (having stronger affinity for-the‘complexing agent than do the
feed—mixture ions) are introduced along the side.of‘the unit by electro-
phoretlc mlgratlon through a porous dlaphragm

Two feed arrangemeots are p0581ble. The érocess feed (A+B) may

be‘introduced at the entrance end of the bed together with complexing

agent,'as shown in Fig. 15; this arrangement is generally preferred if

-

feed is rich in the more highly complexed species. Alternatively, the

feed may be introducedlwithout complexing agent along an upstream part of

i
)
i
|
|
|
i
i
i
I
|
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the éntfahée side of the ﬁni%,;this arrangement being preferred if the
feed is rich in.therless étfonglyicémpleXéd ioh.. For the iatter case,
the:retainer—idn céﬁplexing—agent.mixture is fed over the entire entrénce
end;véﬁd>the_cﬁaéef idﬁ is introduced only aléng the downstream part of
the enﬁfaﬁce side. | .

Thé séparated compéneﬁts A and B can Ee éollected both aldng the
exit éi&é.of the ﬁnit,.Bofh at the exit end of ﬁhe unit, or one each
along the side (B) aﬁ&‘at the end (A). The last method (depicted in Fig:
15) iswgehefally.bféferred, sincé_it'ailéws the hiéhest ion throughﬁut
for any givén poﬁer éoﬁsumpfioﬁ,u | |

_Thé net é1é¢tr§phoretié.migraﬁiohﬂof a cétionic species 1 1s
given-by the mobilityubf.free‘ions of ih (roughly the same for all ions
haviﬁg_the same valence), mﬁitiplied by the molar concentration of free
ionéfbf‘ i. Thusjmixfuré§ df idﬁsthaviﬁévthe same mobilities, but‘aif_
-féréﬁt éoﬂCentféiibﬁé'of free iohs dﬁe\to selective complexing; will have
“different netvelectrophoretic migration ratés and hence will sepafate
intovpure zdnes; Once the components are separatéd the concentration
of frée ions becomés the seme for each épecies,-and the migration rates
beéoﬁe equal. The zones of separated componénts then‘continue to migrate
adjaéentvté each dther. .Ih'this separatiqn proéess the ions preferred
invéoﬁpleking:displaceVthe less preférred ioné (analogously tovdisplaée—
men£ development'in'ion exchange).. Self-sharpening béundaries result,
which attain a stéady-staté balancé between migration (tending toward

ideally sharp boundaries) and the disruptive effects of eddy dispersion.



37— - UCRL-19526

‘The block unit, constructed to cérr& ouﬁ_this.type of ehremete—
gfaphj,véehsists of avpecked bed 10cmvx ﬁem X'ﬁOcm supported Eetweeh two
ceramievdiaphragms. Outside each diaphragm, thebadjoining iiqﬁid‘is iso-
lated iﬁ£0v10 comparfmenfs,‘each.with a EOoiant lihe.and input—oufput’
connections allowing discontinuous (or continuous) replacement of the
liquid.in each comparﬁment.. The coﬁpartments ere.sepafated from the
elecifode region by.ion;exchange‘ﬁembranee, whichvexclude the feed or
product iensAfrom the electrode regions. “Anion membraﬁes are used fer
cation separation, and &ice-versa;.-Gpephite electrodes are placed'on each
side of this saﬁdwich C§hstrﬁction."Electrelyte flows -lengthwise between.
the fespective graphite electrode and each‘ﬁembrane. The main compoﬁeﬁts
' housing:the3separation chamber, eiaezcomparements,.and\the electrode
compértmenﬁs are made of Lucite. - This allows'visual inSpection.of the
flows in the unit. -

__The electrolyte from each eiectrode ehaﬁber is de-gasified,
recembined,'cooled,ﬂand;recycled;v The‘unit ie’cboled partially by the
recifculated electrolyte andvpartially by coolant water circulated throﬁgh
polyethylene tubing thet'winds throﬁgh all 20 sidevcompartments.

Opefating voltages are 10-60 #olte, with residence times of 0.5
to 2_hours. Typically about half the voltage is dissipated across the
membranes'and the'diaphragms, the remaining half serving directly to

produce the separation.
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IT. MQBILiTY OF TRIVALENT-MONOVALENT CATION MIXTURES ON ION EXCHANGERS

Introduction

:‘ BothAionfexéhange chromaﬁography and continuoﬁs eiectrophoresis
acrosé.a packed bed df,inéft pa?ticies'aré ﬁeilfknowh separation methods
for iﬁﬁié solutes. When resin_selééﬁivities andvresin—ﬁhase electrb—'
chemical mobiiities, fofbthe solutes to be.separated, both reinforce the
selective.aqueous—phaée mobility, if.is édvantageous to combine the ele-
ments Qf these two méthods by usingvcohtinubﬁs electrochromatography;
that is: by-packing éh:electhphofesis unit with the appropriate ién—
exchangé‘resin. |

. To evaluafé or prediét the separations obtainablé by electrochro-
matography, the mobilities of thé‘solutes both in the bulk solution aﬁd
on the resin must ‘be'known.l Mébiiify data‘iﬁ the resin phase are élsb
Valﬁéblé for the'infprmatioﬁ the& mayxproviae.bn the internal diffusion
behavior of pure and mixéd ionic components. .

| Resin-phase mobilities of-ions can be detefminéd readily from con-
ductivity'measuréments of the résins.in contact.with solutions of vérious
cdncénﬁrations._ By.applyingva theory.fh;t involves the measured solution
vconductivity and bed condﬁctivity, the particle conductivity can be
obtained. For each ionic species, the ‘electrochemical mobility may vary
with»fhé totai ionic compoSition.éf the résin,-but the particle conduc-
tivity for a resin coﬁtaining.only this counter-ion speéies wiil bévthe
maiﬁ pérameter,needed to descfibe th§ eléctrdchemical mobility of this
ibn on that'resin.i Whén a résih contains mpre'than one mobile species
(counter ions, cofiqns; or. complex ions)} the contribution of each to the
total particle conductivity must be deduced in order to caléulate.the

mobility of any individual ion on the resin.
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Particle Conductivities vs. Bed Conductivities

 The fheories for cdndﬁcti?ity of ion-exchangé'resiﬁ beds fall into
two categqfiés; as mentioned by_Helfferich.2 The poteﬁtial—flow approach
treats.thevbed as Being compoéed of a confinuous solution phasé in which
resin parﬁicles are‘suspended;‘_Tﬁe theorétical studies.on the conduc-
tivityrbf heterogeneous éystemsvbvaaxwell,3 Bruggeman,u Méredith and
Tobias;s and Brown6 can be applied for this approach. Bécause the beads
of resin'iﬁ a bed are not comﬁletely isoiated, thése theories have rarely
" been tried. The other categor& is based on an analogy with an electficgl
network. Sauer, Southwick, and.Spiegler,7 andlSpiegler; Yoest, and
Wylliés.have interpréted their own expérimental_dété by an equation.baséd
on a néfwork model. Suitable émpirical édjﬁstmehf of the four parameters
in this equation enables‘it to fit all exberimental resﬁlts, including
the Donnén—uptake regibn correspondiﬁg to high concentration lévels in
the exterhal'solutioh.v |

~Because too little is known of the béhayior'of the network para-

‘meters, - the potential-flow approach has been adopted in the present study.

Amohg the theoretical.developments using thiS'approéch, the rélatively
simple'eqﬁation of Bruggéman has been found to give acceptablé results.
Applicafion of this equation to ion-exchange resins has been deménstrated
"by Howery and Tada.9 In Bruggemanfs treatment, a mixture_of two phases
is considered quasi-homogeneous with respect to aﬁy one dispersed-phase
particie; thus fitting Maxwell's pdteﬁtial theory for a single particle
in a pontinuum. Therefore the differential change in conductivity of the

mixture, with changing volume-fraction of the dispersed phase, is
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aK  3K'(K' - X )
ae (e)(zxm +_Kp) | .

kb

where K = —
k "ks _

Kb = EE.; the ratio of particle conductivity to solution conductivity;

and € 1is the volume-fraction not occupied by the particles.

the ratio of bed conductivity to solution conductivity;

8

Integrating with the lower limit: Ké =1 as €= 1, and the upper

limit Ki = Km’ one then obtains the Bruggeman equation
K -K S
€ = l/I;l P L ‘ N _ " (2)
K (1= K) - '
m b

ion‘Mobility'from Particle Conductivity
When only one.type of cduﬁter ion is pres¢nt én the‘resin and the
surroﬁnding splutidﬁ‘is SO'dilﬁté.thaf tﬁére_is.no uptake of external.;
electrolyte into the resin matrix, the particlevcondﬁctivity can bé;cénf
éidéred as tﬁe sUm*Of'ail the mobilities of the counter iéns on the résin.
Sincé the counter ions are all identical, their contributions to the par-

ticle conductivity will be equal. The ionic-species mobility

(cm2 vo}].t"l sec—l) on the resin is then given by15
. 1000 k't ' ’ . ' e
U, = __::._ll_; s : : (3)

where ti = transference number (=1.for resin in one ionic form) ;

kp = specific particle conductivity (mho cm'l);‘aﬁ = resin volume capacity

(meq. m177); F = Faraday constant (Coul. eq ).
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Tﬁe‘abOQe.relation apbliés only when theré is no sorption of
external électrdlyte: iEveﬁ éf‘ibw_to ﬁodératé éolutién.concentrations
(0.052to C.S molar); some sorpﬁion«qcéuré; this-éan be in the form of
ionized ions, ﬂeutfal ion pairs, df_compiex iéhs. The form of the sorbed
electrolyte mustvbé'identified'so thatvifs coﬁtribution to the particle

conductivity can be properly accounted for.

Agpafatus‘
' :”Thé A;-CL coﬁducfiVity Bfiage that was used for tﬂis research is

dépictéa.schemafically in Fig. 1. The components shown.are as follows:

?i. A'Jonés:cénductiyity bridge'(Leéds'&'Norfhup Co;) that can
measure'fesiétanéés‘ﬁprfo'60,000.ohms éﬁd_has variable built-in capacitors
toﬁaling O.OOiOAufﬁn.fof cOmpeﬁéation of theucapéciténCef

.2.v‘An éudio;frééuencyvoséiiiator (Hewlett—Packard Co., model‘
2001):; o o
| 3. Aﬁ'oscilloécope.(Téktfénix Iﬁc}, f§pé 512).

L. Tﬁo'iéoiaﬁion transfofmeré (step-up ratio 1:3,) which greatly
imprqved the stability éﬁd sensitivity of détection by.eliminating_noise
from the-oscillator.v- | |

va.A glass conductivity‘éell (industrial instruménts.Co.), with
its cell constant 1.099 cm *.

6. A glass conductivityvcolumn,-shown in Fig.‘é. This glass cell
was firsﬁ fiiledeith distiiled‘water, then the resin particles were packed
iﬁ i£ replécing the Wateff In the cell, the ground-glass-joint plugs each

have a platinum electrode fused to their inside surface. Inlet and outlet
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' Jones
- conductivity
bridge

I o

© @ | O
-0 O—
O - O
‘Oscillator ‘Oscilloscope

'Fig. 1. Conductivity bridge circuit.
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Fig. 2. Conductivity column.
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side'fuﬁés are provided for solution flow;ra'smail“glass filter has‘been
fused to‘the outle£ tube to refaip ﬁhe résin iﬁside. Filling with fésin
parficiéé was Cbntinued up to the tip.of thé inlet tube. The height of
resin:iﬁufhis tube:héd been shown nét tb affect the measurement,vbut‘it
st111 wés kept as‘éonsfantvas possible. The cell constant of thé glass
éonduétiVity column;.ﬁ.Tl cm;l,;was determinéd.usingVO.OlE'KCl standard
solution.

in making the‘measurements, the oécilloscope was used as a null
detectdr. Two.signéls_qf‘lkg.frequency_wefe fed to the oscillosqope, one
. directlyvfrom the oscillator to:thé horizontal pléte and the other through
the conductivity bridgevfo thevverticélvplate. A horizontal line was
observed on'thé.dscilloséope when thé bridge - was in balanée, A1l connec@ing
.wirestﬁere-sﬁielded. Solution was contained in a 100 ml test tube and
fhevéoﬁductivity_cell_was dipped into:the‘solutions. The test tube and
the glass condugti&ity célumn.ﬁere immersed in é constant-temperature bath
heid‘within 30‘£ O.S?C;'a one—houf'wait suffiéed to give.steady'conducf

tivity readings.

Conductivity Measurements for Monovalent Ions:
| " Conductivities were measurgd for NaCl solution with Na—form.waex
50W for cross-linking of 2% (50-100 mesh), 4% (20-50 mesh), and 8% (20-50
méSh); the resins for thesebfuns were‘each prepared invthree cycles of
.the'following Qpérations. -
‘1. Eluting with about two bed volume of 2N HC1.

2. Rinsing with distilled water at the rate of 10 bed volumes per

hour, for about half an hour.
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 7 3. Feeding about two bed vélumes of 1N NaOH.
. .Rinsing with distilled water at the:rate of .10 bed volumes
pef.héur, for about half an hour.’ |
For.NaCI'solution with Ng—resin, the solution concentratidn varied  :
from'Q.OOSQ;fo O.EE) and the condﬁctivities were measured at 30°C. .At

each concentration the solution was run through the column until the bed

condUctivity remaihed,steady. The conductivity of the,solutionzaloné'was

measured separately in. the solution conductivity cell.

Conductivities of Rare Earths Alone and in Mixtures:

 Dowex 50W-X wé§>used'for the inVestigaﬁion of rare earth con-
ductivities on reéins{ :The 4% cfésslinked resin was chosen as the best
compromise_between_the:need for a 1arge‘isochductance value {(low cross-
iinkihg)_and forvgood.selectivify (high érosélinking).

_.‘1The-rareueaith ions-iﬁveétiéated-were cefium (Cé+++); lanfhanum

o +++5

(La"" "), holmium (Ho .

,- and neodymium (N4

In addition to iﬁvestigating particle conductivities of Dowex S50W-Xk

|
|
|
i
i
i

resin in the pure rare-earth-ion form, the conductivities for the

+++ + ++4+ .+ ’ v - '
Ce . - Ag andLa - =~ Ag pair were studied as a function of their

. ' < . . : . + . .
equivalent ratios on the resin. Ag “was chosen for east of analysis in.

checking the resin composition.

Preparation of Resin in Pure Rare Earth Form

The resin was treated as described previously, ending up in the i
Na form. It was then converted to the rare earth form by feeding a

solution 0.1M in the appropriate rare earth nitrate. To insure complete

iy s
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conversion to the rare earth form; a minimum volﬁme of .solution equi-
valent to twice thé caﬁacity of thé column was fed to the column. Sub-
‘seqﬁént to charging with the rare earth ion, the bed was washed with 10
bed volumes of distilled Wéﬁer. It was then contacted with various solu-
tions of the same rafe earth nitrate, with'concentrations‘ranging from
0.005 to 0.1 m@lar. Each.éuCh solu£ion was flowed through the bed until

the conductivity reading remained steady.

Preparation of Resin in Partial Rare Earth——Silvéf Form

' The resin treatment described previousiy was.again followed, with
the'omissibn of the last NaCH chafging step. A lb_/.[_AgNO3 solution was
passed through the bed, converting the resin to the Ag form. Upon com-
- pletion of this chafging.step,-the bed was washed with distilled water.

From the datg of Bonner and Jumperll on the equilibrium quoﬁient
R T s : o o ] -
for the Ce - Ag system on Dowex 50W-X4, the solution concentrations
neéessary tougiVé.tﬁe desired equivalent ratio on the resin phase were
calculated. . Due to the_large selectivity of the resin for trivalent rare
eafth ions as_opposed to monbvélént silver, it was nécessary to use a
. O, + ++ _ ’
relatively concentrated initial solution of Ag and Ce to convert the

. ) . 4+
resin from pure silver to the desired Ce

- Ag+ resin composition. Once
this step was accomplished, a more dilute solution (but resuitiné in the
‘ame Ce+++'— Agf resin,composition); with.a solutioﬁ conductivity neafrthe
estimated isoconductance poiﬁt fbr this resin coﬁposition, was passed

. through the resin bed.untilbthe bed conductivity became steady. The bed
xconductiVity was then compared wifh the measured sblﬁtion conduéfivity;

from this comparison it was then possible to estimate the solution con-

centration neededﬁ%o g;ve a scolution conductivity that was within’lO% of

- s -
e
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the new bed conductivity. From these points the isoconductance values
could be extrapolated very réadiiy.

_Following measurement of the4isoéonductance point, the resin was
washed with aistilled water and then contacted with 6y_HNb3 to elute the
silver énd rare earth'iOns. The silver conceﬁtraﬁion Waé détermined by
titfatiﬁg a sﬁall sampie of the eluted solution with SCN™ .

+ + : :
. Ag system were made

Conductivity measurements for the Ce
“over ‘a 6 deg C range, to determine activation energies for electro-

migration.

RESULTS AND DISCUSSION

Results ‘on Single-Counter-Ion Systems

Coﬁductivity data fbr Na—fbrm Dowex 50W-XL4 in NaCl solution are
shown,ih Fig. 3. The isoconductance péint'occurs at the concentration for
whiéh'the'cbnducﬁivity ofvthe'solﬁtién; the bed, and the resin'métrix are
all equal; fhus'it.lieé at the iﬁtersection of a.liﬁé equating bed.and
solufibn conductivities.with the experimental curve, as shown‘in Fig. 3.

Tab;es I and IT give measured solutioﬁ and bed conductivities and
calculated particle conductifities, as determined by Eq. (1), for
Doﬁex'sow-xe, X4, and X8 in Na-form, and Dowex 50W-XL in Ag-form. Na-form
particle conductivities aré compared to the‘isqconducténce values in
Fig. 4. Adoption of & = 0.40, the experimental valﬁe for void volﬁme-
fraction in these.beds; has led to pafticle conductivities that are
indépendent éf the solution concentration and conductivity and are thus
equal to-the isoconductance values over the investigated concentration

range.

]
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‘fhe éorption (or‘Donﬁaﬁ uptake) of excééé NaCi by the resin is
méééufaﬁie but smali.fof the concéntratiohs investigated.16 Also, no
incrgase Qccurred‘in particle conducﬁivity as the solution‘concentration
(andvsofpfion) increased. For the 4% resin the exPécted increase in the
partiéle'conductiVity (due to sofptioh) amoﬁnts to énly 6% at 0.5M solu-
tion concentration, and is less at lower cbncentrations. This is of the
same ofaer as the averagé deviation'bf‘the:calCUIated particle condﬁc—
‘tivities from the measured isoconducﬁanée value;

v'i:FOf Ag—form:resiﬁ;vthe‘fariiéle ééﬁducfi?ity‘of Dowex 50W-X4 is
showﬁ'as_avfunctioﬁ df AgNO

3

lated-particle conductivities are indepéndent of solution concentration

solution conductivity in Fig. 5. The calcu-

(O;Ol to O.S molaf);ahd agree well with thé isoconductance poiﬁt. Agaiﬁ,
particie conduétivities do not increase at the higher solution concen-
:.trafion; even though the presenﬁléuthors haﬁe fouﬁd significant sorption
(T%Zincrease in éounter-ioh resiﬁ concénfration-at O.SMvSSiution coﬁcen-
tfatioh).l6 In‘that study the éuthofs ha{e proposed that for a given

" resin the sbrption of. free ionsbat a given solution-phase electrolytg
activity is the same for electrolytes of specified cation and anion valences.
Diffefeﬁces in the sorption of electrolytes at a given solution éctivity
is then attributed to complex formation, uncharged in the case of (+1)(-1)
‘elettrolytés. If this were.not ihe'case and most of ﬁhe sorbed AgNO3 at
0.5M were lonized, a 30% increase in particle conductivity should have
occurred; the abseﬁce of such an increase supports the interpretation

that most of the sorbed AgNO, in the resin is in a neutral ion-pair form.

3
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‘Table I. Particle Conductivities for Sodium-Form Dowex 50W; € =

0.k%0, 30°C

Conc.

2% DVB | g 8 bvE_ |
(»M/L) ks' kb kp ks' k-b kb : ks kb S k’p
0.00500 .000677 . 0.0069 .0L478 | .0006759 .006927  0.0482 .000688  0.00577 .0296
0.0100 .001312  0.01003 ;ohés .001312 = 0.01016 0.0k39 .001312 ~ 0.00869 : 0.0311
©0.0200 . 00256  0.0143 | . 0429 .ooé562_ : ;01A57 0.0klk .00255  0.01233  0.0327
0.0300 .00376  0.017T3 .obk2 .00376  0.017T64 . 0.0L57 ;00376 0.01473 .033k
0.0500 00612 0.0215 0.0b52 .00611  0.02176  0.046k .00611  0.01791 = 0.0337
0.100 .01162 0.0278  0.0L466 ).0116 .02789 0.0L6T .oii62 .6.52254 .0361"
0.200 0219 0.0352 L0471 .02185 .d3h89_ ~ 0.0463 .02189  0.02771  0.0321
0.300 L0311 0.0406  0.0482 ).03122 .~ 0.03992  0.0k466 .03053. . 0.031L8 . 0.0321
0.500 - .Oh863 " 0.0486  0.0486 .0L8L .0L705 o)oh62 . 04863 0.03709 .030k

-G
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Table II. Particle Conductivities for Silver-Form
Dowex 50W-Xk; € = 0.k40, 30°C

Concentration

M/L o ks. o ‘ kb - kp
0.0100 o o.001372 | 0.01121 © 0.0522
0.0250 oldo329 T 0.0166h © 0.0459
0.0500 |  0.006316 - 0.02211  .0470
0.100 y 6.0120h. B  } 0.0280k 0.0k61
0.200  o.02229 0.03438 0.0kk7
0.300 C . 0.0316T .~ 0.03909 0.0kkT

0.500 - . 0.04841 : 0.0L613 - 0.0k47
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fdr four'rare‘earth nitratesv(cerium,vlanthanum, neodymiﬁm, and
_holmium)}-Tabie IiI_gives measﬁrea solution and bed cohductivities and
caicﬁlaﬁéa particle cohductivitiés for Dowex SOW;XA (égain fof a void
ffdétion of 0.%0). Figuré 6 giﬁes.tﬁe relation between particle con-
ductivity ana sélutioh conductivity,‘énd shows that particle conductivities
.incréase appreciable with'increasing.solution conductivity or conceﬁtration.
' Thisvinéreasé in éonductivity can oniy.be attributed to sorbed excess' ions
whiéh_éré known to be pre;ent;l6 ahd, in parficular, to the much higher
moﬁility of the.sorhed;co—iéns (ﬁﬁo_). Figure T plots these particle con-
ducti;iﬁiés as.a function of the cégcentrationbof sorbed coFions, ﬁﬁo_;
The coﬁcentration dfbfreévnitfétevions iﬁ the résin phaée is taken to3bé
the‘sémé.as'for La(Cth)3, Which isvnot.known ﬁo form complexes at the
saﬁe,s@lution:acti§ifj;‘.The meééured total uptake, 5ﬁo;, ihcludes thé
nitréfe complexéd with rare earth ions as a divalent coipleX'counter ion
as Wéll.és the ffee Nbg ions,.and will vary from one rarévearth to another.
"Figure ? shows that ﬁhévincrease in particle conductivity is due

2

behavior). This is true because the four rare earth nitrates have the

primérily to the sorbed free nitrate ions (as estimated from La(ClOu)

same sldpe; that is,-the same dependenée of particle conductivity of free

co-ion concentratioh; a plot of particleuconduétivity against total co-ion

uptake ONO" would give a different slope for each rare earth. The total
‘uptake of electrolytes_SﬁO; varies for the different rare earths in the
. 3
following order:l9
— Lt — et — ot — +++
o ..~ (H < < : -
KO ( ) No; (La”"") Nog (Ce™™7) < °o} (wa™=m)
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Table ITI. Particle conductivities for Rare Earth-Form
Dowex 50W-Xk4, € = 0.40; 30°C

Cone. | Cerium Larthanum
M/L B ks kb kp ks- kb kp
0.00500  0,001853 0.003191  0.00kk2 10.001945 - 0.002825  0.00355
0.0100 'o.oo3h78 0.00411  0.00457 0.003627 0.0036Tk 0.00371
0.0200 = | 0.006718  0.004917  0.0039
0.0250  0.00782  0.00588  0.004TT o |
0.0300 0.009557  0.005947  0.00407
0.0500 ©  0.01k27  0.008135  0.0051 0.01477 - 0.007TL7T  0.00kk2
0.100 ,f';_o.02562" 0.01178  0.00561 0.02617  0.01156  0.00517
Conc. - Neodymium Holmium
M/L k kb k k K, k

. s p S b
0.00500 - 0.001911 -0.003528  0.00509 0.002109 - 0.004305 .0.00656
0.0100 - 0.003557 0.004551  0.00531 0.003968 * 0.005427  0.00660
0.0200'5f'3o.006553 0.005962  0.00559 0.007045  0.006988  0.00695.
0.0300  0.00931k  0.00710k  0.00583 . ‘_
o.osob 0.01k22 0.008937  0.00620 0.01506 10.01026 0.00765
0.100 .~ 0.02556  0.01253  0.00653 .  0.02568  0.01436  0.00880
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Fig. 6. Resin-particle conductivities for Dowex 50W-X4 in equilibrium with rare earth nitrate
solutions; € = 0.L0, 30°C.
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with the total sorbed nitréte.for Nd(N03)3 SO%vgrééter‘tﬁan for Ho(N03)3;
Deﬁiationé.ogser#éd at thé'higﬁer éolutién conduéfivity vaiuesvare pro-
bably aué.to the‘increasing sensifivity of the Bruggemén relation to the.»
void Qéiuﬁe féfVCOnditioné faf'frém the'iSOCOndgctanéé péinﬁ{

The pérticle conduétivity for EﬁO’ =0 correspbhds to the particle )
conductivity due_to'the migrétion of the 3ounter ions only, and can be
uséd iﬁ conjunction with Eq. (3) to calculate the ionic mobility of the

rare earth cations on the resin.

. Mobilities and Diffusivities

~Resin conductivity_data can be used to calculate self-diffusion
coefficlents for ions on the resiﬁ, The relation between the ionic mobility
and'the_self-diffusion coefficient is given by the Nernst-Einstein equa-

tion

Cp, =By o | Y

where D, 1is the self-diffusion coefficient (cm2 sec_l), R is the gas
constant (watt sec éleg—l mole—l), T the absolute temperature, F the Fara-

day constant (coul equ.—l), ui,the ionic mobility (em® volt™ sec™)

, and
zilis the valence of the.ion.,
The ionic mobilifies and self-diffusion cQéfficientS are given
in“Table»IV...
| ‘The self-diffusiqn_¢oefficients for sbdiﬁm are about 3 timeé large}

“than those measured by Boyd and Soldano.lg. They are however remarkably

similar to thqse repofted by Hering and B115513 for exchange experiments
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Table IV. TIonic Mobilities and Self-Diffusion Coefficients of

Ions on Dowex 50 at 30°C

a .

DVB  . Tonic Fofm X, Cql=—oi— U D(cm/sec)
4 - Agh 0.0Lk6 " 2.78 1;66 « 107 k.3 P 107
Ta t 0:00345 2.9 1.19x 107 1.0 x 107"
e o.00k33 2.9 1.55 x 1077 1.35 x 107"
na*™**  0.00508 2.9 1.82 x 1077 1.61 x 1077
Ho 't 0.00657 2.9 2.35 x 1077 2.08 x 107"
> vNa+ 0l0k85 1.25 b.02 x 107% 1.05 x 107
) Na® Q;oﬁ6 2.2 2.22'>_<v10‘LL 5.7 x 107°
8 Na® 00316 3.7 1.03 x 107% 2.7 x 10"6
(Waﬁ‘er) - Nat 5.7 x 107"
aValuesvfare for’the resin particles in the desired form and in equilibrium

with distilled water.
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finterbreﬁed with a Nernst—Planck'model. The self-diffusivity for lanthanum

i L 12
is about L40% higher than the value reported by Soldano and Boyd.

The rare earth mobilities and corfesponding self-diffusivities are
found to increase with increasing atomic weight (and decreasing ion radii).
Significant'differénceé in mobility on the resin exist for the rare earths.

Holmium has a mobility about twice that of lanthanum.

' Results'fbr.Miktures of Ions

Table‘V gi&és the measufed_soluﬁion and bed conductivities and

4+ +

calculated particle.conductivities‘for Dowex 50W-X4 in mixed Ce - Ag

L HE + . ) ' ; g
and La ~ Ag form. The calculated particle conductivities are pre-
éented as a function of the eqﬁivéient fraction of silver on the resin
in Figs. 8 and 9. The solution concenﬁration.of Ag for these results

veried from 0.1 to almostvo.h molar (for values of E, 4 close to 1); the

Ag
valuesufor the rare earths were always less than 0.0QS molar. At these
concentratidns, negligible sdrption of excess rare earth is expectea. The

sofption of AgNO, (which is apprééiable) is mostly in the form of neutral

3
iéﬁ pairs and is not éxpected to significantly_affect the results.

.The straight iines represent the theoretical result assuming
Kohirausch's_thébry of the independenﬁ réfe of migration of ions ﬁO'hold
for ‘the resin phase. The éxpefimentaivpoints,lie on a separate curve
below this line, demonétrating éignificant‘intéréction between the two
ioné. In measuring Self—diffﬁsion coefficientszof ions on a resin, for

17

. 4 G+ . ‘ - . X .
instance Zn .and. Na., the . presence of the faster ion tends to.increase

the diffusivity of the slower ion, while the presence of the slower ion
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Table V. Particle Conductivities for Mixed Rare-Earth and Silver Form
Dowex 50W-XL4; e = 0.40, 30°C

~Cerium and Silver -

Solution Concently'at’i on YAg ks, k‘o kp
Ce(NO,), - AgNO, - - _
M/L M/L
0.00245 0.043 0.140 0.00628  0.006856  0.0727
| ofodi66f' Hd.105- :' 0,336 0.01301 0.01319  0.0133
©0.00177 b!i8oA 0.543 10.02074  0.02112 0.021h4
0.00215 0.316 0.T7  0.0343h  0.0336%  0.0332
0.00215 0.316 0.77  0.03h2k 0.03312 0.032k -
0.00127 0.38 0.88 0.04055  0.03978  0.0393
0.000158 0.380 0.97 0.0M116 0.0428  0.0439
-= ofh6b.  1.00 0,64677 0.04532  0.0Lkk
© Lenthenum and Silver
séi@tiqn | Coécentrétipnﬁn_ l»fkg': ke K Xy
La<N03)3  AgNO3 | ‘
M/L S M/L
0.00237 10.0L3 0.11)4 0.006316 0.00614  0.006024
'10{00108 ﬂvio.oso: : 0.163  0.00670  0.007147  0.007T46 -
Q{oogo6 0.100 0.267  0.01263 0.011k2  0.01066
0.00168 0.150 0.403  0.01773  0.01682  0.01623
0.00141 0.200, 0.50 °  0.02261 0.02343  0.240
0.000477 0.300 0.867  0.031k  0.03413 0.036Q5-
~— 0.460 1.00 0.04677 b. 0.0LLk
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Fig. 8. Resin-particle conductivity for Dowex 50W-XkL at 30°c¢C, in a
~ ‘Lat*t - Ag* ion form, as a function of the equivalent fraction of
- silver on the resin; € = 0.40.
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Fig. 9. Resin-particle conductivity for Dowex 50W-X4 at 30°C-in a
Cet**+ - Ag* ion form, as a function of the equivalent fraction of
silver on the resin; € = 0.40.
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tends to decrease thé‘diffﬁsiQit&:of tﬁé faster ion. The diffusivities

can be ekpressed apprqximatély as.ﬁhé equivalent fraction of the components
on the resin. Then, for a:mixture‘of two ions (A and B), the mobilities

of A on.pure—A‘résin, A op pure—B resin, B_on pure-B resin, and B on
puréfA reéin musthe knoﬁn.ﬁ The mobilityfdf an ion on a resin in the saﬁe—

ion form can be calculatéd from the measured conductivity. The mobility

of an ion on a resin in the other-ion form can be deduced oﬁly empirically

as the value that gives a reasonable fit for the'particle conductivity as
a function of equivalent fraction.

The resin—pafficle gonducfivity for.a'mixture is given by

L AMIX = ACe*+f'(lf¥Ag+)j+ AAg+,YAg+ IR ' (?)
where Ykg+= the equivalent fraction of Ag+ on the resin{ If a linear
variation is assumed for K' +++ and A + as a function of Y' , then
L S Ce. - Ag Ag
the result becomes:
AMIXTURE ='ACe?EiO)_(l'+ fYAg+)(l - YAg+) +,AAng_l)(g et m gYAg+)YAg+’ (6)

where f 1is the ratio of the mobility of Ce+++ on resin in Ag+ form to the
L 4+ L ++ ' : V
mobility of Ce on .resin in the Ce * form,.and g the ratic of the
 q s .o ¥ ' +++ . L . o+
mobility of Ag ‘on the resin in Ce form to the mobility of Ag on resin
in Ag form.
vahe deviation from the straight line predicted by this equation is

detgrmined by a weighed-sum of :f . and g; thus the- separate factors ecannot

be ascertained from these experiments. A possible interpretation for the

 dashed curves in Figs. 9a and 9b is‘that f=2 and g=0.5.
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The percentage increase in conductivity with temperature was
insensitive to composition; the average increase relative to 30°C was
7.5% at 33°C-and 15% at 36°C. This corresponds to an average activation

energy of 4.3 kcal/gmole.
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II1. SORPTION OF SIMPLE AND CQMPLEXED IONS BY ION EXCHANGERS

Introduction

ibnaexchahgé resins are salid organic polymgrs with ionic groups
perméhéhtly'attached to the organid network. éuch fixed ionié groups
have‘ﬁégative'cﬁérgeé fdfviheiéase:of a.catidn‘resin, and positive charges
for én‘anion reéin.- ﬁquivalent'hﬁmber of counter.ions'(ions of opposife
éhafgé‘rélative:tovthe fixed ioné).mﬁsﬁ be.preéenf near the fixed ioné tb
.méintain electroheutraliéy."Coﬁnfér iéns.ére mobile and may .exchange with
Otheéribns bf'like'éhargéifromfthévsolﬁtion.‘ Ions having the same type‘
of chargé as thé'fixea gréuﬁs étfaéﬂed to the'fegin are called co-ions.

Due tdlﬁhe.pfesénce'of:the,fixed.ionss a téndenc& exists to
:exciﬁdé-éé—idhs.fféﬁ tﬁe.fesin:tfﬁbwevér, this.eiéluéion is not compleﬁe.
The éonbenfraﬁion-of sorbed elecﬁrolyte (co-ions, plus an equivalent
amoUnt.of.eXcéss’counfér—ioﬁé)igéhérélly ihéfeaéés with increasing solu-
tiah—éonéehtrétidn 5f eiectrolyté:ana.ﬁifh'deéréasing resin.crosslinking.
The;presenéé §f sucﬁ éx¢eés_éiéétroiyte:éffécts ionic transport properties
in thé_résin, and‘muét'be'taken into‘acéount in anyvmeasurement of ionic
diffusi&ities or mobilities for thé resiﬁ phase. .

. To assess.prppérly ﬁhe effect‘of the sorbed electrolyte on ionic
trans?ort prbperties in’thg rgsin, the fofm_of'the sorbed species.(whether
present as uncoﬁplexed_ionsa'coﬁplExéd'ions, or neutral complexes) must

'Be déﬁérmined. | .
The Donnan treatment gémmonly‘adopted for‘the sorption of electro-

lytes by ion-exchange resins assumes equilibration of:-the electrochemical

potentiéls of all speciesvbetween resin and solution. Complete dissociation
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of tﬂe elecﬁrolyte into chafged iens in:both ﬁheses is implicit in this
treatﬁent: Thuevthe peesibility_of ion-pair or complex-ion formation in
eiﬁher phase is not_explicitly:aceounted for, except as possible cor-
rections in activify eoeffieieﬁfs for'ﬁﬁe iens; ﬁith such activity coef-
ficients usually uneveiieble forvthe resin phase.

,{'”In the following'sectionsva aetailed'enalysis of electrolyte
SOrpfion is-preéented, including Donnan sofptieh; Theveffect of complex
formation, both-in_soiﬁtion ahdbin-the resin phase, is considered.
Guideiihes are given fofvdetermining the fofm of the sorbed species in
any given ease, and consequeﬁtly for‘choosing the equations that describe .

the sorption.

Theery of Donnan Uptake and Comﬁlexing
The generalfthermodynamic;fermqlation of the Donnan equilibrium,
'as'reported-by Helfferich,lvconsists of_eQuating the solution- and resin-
phase activities.of the‘ionic_speeies, with a correc£ion term for ghe_
pressure difference between'the two phases. For an electrolyfe AY dis-
sociaﬁing in solutieh to give Vv moles of cetion A and Vv moles of

A Y

anion Y, the formulation becomes: »

_ o\ V.AY
ey v a : A /VW. .
+ W
a - a o > ' ()
+ W

where - a, is the activity of the electrolyte in solution, &,  1is the

activity of the electrolyte in the resin phase, a, and &  are the

activities of the water in the solution ahd_the resin phases respectively,
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Vo= vA + VY is the sum of the stoichiometric coéfficients of the ions,

v,, 1s the molar volume of the electrolyte, and v is the molar volume

Ay

of water. - The term on the right side of Egq. (h) remains essentially con-
stant.oVer‘ordef—df—magnitﬁde_changes in solution- and resin-phase acti-

vities and, for resin of low crosslinking, is approximately 1; that is,.

a, 1is nearly equal to a

+*

' - The mean activities are related to ionic molalities through the.

activity coefficients.

vo_ % Yy oy (s)
a, =myomy Yy, 5

, voov, ' S
.ai\) = m, -A.my .Y Y-Y. A Vv (6) o

“The eleétfonéutrdliﬁy relations for the ion'exchanger and the
solution are

lzylmy

mo ol - (m)

'  [zAlmA = ]zYlmé PO : : (8,.

where ,ﬁ; is the mélality of the univalent ionic groups fixed on the

i
i
i
1
§
i
i
i
'
]

resin.

For s cation‘exchanger, substituting Eqs. (6) and (7) into Eq. (k) -

results in the general eipression for the sorption of co-ion Y:

| - v v AY
» ___\)Y _‘ (IZA]) A v ‘ /Vw )
T eyl Ry
Zylly ¥ M) 7y - i

& [
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For a 1-1 electrolyte (v=2), Eq. (9) becomes

. 1 o B Vay/V
oMy T — . -2 % la | (10

(5& + mr) . : W

For a 3-1 electrolyte (suéh as the rare earth nitrates or per-

chlorates), the equation is

Vay/3Vy (11}
11

- @ B YE

Y I

Sim lﬂml

To get the familiar Donnan expression in. terms of soiution con-
centfa£ions, Eqé.,(S) and_(8)‘ﬁayﬁbe uged-to substitute for the solution
acti#ity; vFor dilute spiutions, the uptake_of co-ions is small comparéd
to the fixed sites (E§.<<'ﬁ;), and,the.expression (ﬁ& + E;) may be
réplaééd by ﬁ;. . v |

.f-'However, quanﬁitétive‘predictions of sorption eéuilibria, as a
"~ test fqr the theory, cannot be made due,to lack of adequate knowledge

about the activity coefficients for the species in the resin phase.

'Complex Formation -
Though complex.formation is not explicitly taken into account
‘in fhe Doﬁnan_equiiibrium treatment, it has long been recongnized that a
largé.uptake of an electrolytevcould.occurbby_this means.
? Dué to the relatively invariant environment wiﬁhin the fesin phase
(that ié,-the’constant»concentration of fixed ionic sites and the neafly
consténf’céncentration ofjions) it is postulated fhat, as a given solutionf

phase activity of electrolyte, the tolerance of the resin for excess
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ionized species of given charge type is the samevfor all electrolytes.
Thus the sorption of 1;1 electfolytés capable of forming neutral complexes
will be enhanced over that of'l—l“eieéﬁrolytes_that are completely dis-
sociatédf. Similarly, multiVélentﬁelgcfrolytés capable of forming com-
plexes (either chargéa>§r’neﬁtral)’will_also be able to sorb more total
moles ofléiectrolyte:gt the alioﬁable constant concentration level of_
free cgtion in fhé resin.

A “strongh electrolyte dissoéigﬁes upon dissolving to give vA

0

Co Z . . .7
moles of A " and Vv moles of Y ! per mole of A, Yy :.
T Y- . T o Va vY

. — ' ' v (12
AVA YvY (s) = v Atv Y _ (12)

.. Considering the case of a mononegative: anion (z=1) and a multipositive

cation (gz=2, 3,,etc,),;the'following complex~forming equilibria can occur:

e (z,~-1)* m
‘ - ‘ AT . .
A% ey ==y 0 Ao ' (13)
. v . . : mm,. 1 .
CAY
7+ ) o (z,-2)f 'mAYé
A + 2Y  —= AY — =K (14)
= 5
.~ m.A mY e
Zgbo o (zp=3)* Ay
— D .
.VA | + 37" = Ay3 E——E;§- = K3 s .etc. (15)
: : S A
he general_equatioh cah be written
7+ o (Zy-n)* Ay
AT +nY == AY — =K . (16)
' : ' Ty Ty
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The quantities K, sare the (cumulative) Bjerrum stability constants
for the various complexes.’
' Complex formation for multivalent‘ions_in aqueous solution has

been wélideCUmented, especially for the rare earth nitrates and chlor-

3-7

ides.” Thus, for a rare earth salt and a cation resin, some uptake
¥
of the dipositive .and monopositive complexes as counter ions is expected,

in-addition to Donnan uptake of excess.tripositive ioms.

»Ubtake‘ffém'Dilute Soiutionsﬂ

| “ Compiex ioné Caﬁ‘be'£éken_ﬁp:és cbﬁﬂtér ions by the resin even
from‘véryldilute solutioﬁs, provided that the equilibrium fof éomplex—
ion formation is re;sbnébiy‘favéréﬁle.l (1t iébnoted that resins génefally
hola'mofévhighly'charéed:ions_mére Stronély,'ahd.hence will teﬁd to pfe-
fer:ﬁhédmpiexed.iohs.):'qu a tripositiﬁé mononegativ¢ salt with a cation
résiﬁ,ithebfirst:two complexes (AY-';+ and AY; the first one predominating)
éan bebtakeﬁ up by the resin as c¢ounter ions. The third complex (AYB)
will be neutral and may be éorbédvas a noﬁelectrolyte. Any further com-
plexbformation Qill result in anionic species; due to their chérge these
will be excluded from the resin except as part of the Donnan sorption which
may occur; |

| ' Thé uptaké of the first c6ﬁplex by the résin is:determined frém
the pertinent (rationél) resin-selectivity coefficient Kﬁy-and from.the
aqueous-phase equiliﬁrium given by Eq. (13). Selecfivity is determined

by the equilibrium
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. = ' +++ s
3aY™ 4+ oV.Resin == 28" + 3AY-Resin
= 32 .
AY Tay™ T -
4 = ==L (17)
m2m 3

A TAY

‘ Comblnlng the above equatlons to ellmlnate My and solving for

»EAYg'gives
m,. = K ( AY) ‘—'2/3m l/3mY ~ (constant)-m l/3mY . (18)

AY e U W A

.The similar equations for the secdnd complex are

J3AY+ ,+-'K:Resin == A+++ + 3AY, -Resin
o 7oA : - 2
— 3
AY Moy, T :
= 2
ay = 3 (19)
"A Ay,

. This relation, combined with Eq. (1), yields

1/3 ' '
AY
= T2y —1/3 2/3 2 :
ay, = %loy ) ®Tm e (20)
Then the total uptake of the snion 3, by the resin as a result of the

complex cdunter ions (with N#Q) bedomes

al

N .
Gy Z Doy T Myt 2y,
n=1 n.

(AY 1/3 _ 2/3 1/3 AY2)1/3 HA1/3mA2/3mY2 . (21)

= Kl N ) mY + K
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The general result for resin ﬁptake of a'zA—zY electrolyte,

using Eq. (16), is

(zA-nzY)+ T T - Y —
Iz INE o+ '(IZAIAnIZYI)A~Resin.:=:=(IzAl-n|zy|)_A + IZA|AYn~Resin

SR CUMUENRIED

AY - Pay
e B oo —m :
Y = (T2al-nfzy]) | lzal (22)
A AY
n
Thueéi'f.
s I-nlzl 2
— — . _A "N ) ‘AY,nIZA'I ]_ZXY— n L )
AY = My (ay ) Kplty & By s (23_

Al_lz

Com,, . (2k)
Z-?’f‘AYn,_ - o

n;l

and N in the term for total anion uptake is now ]z Y'

Complex Formation with Donnan Sorption

In many cases, from 5 to 95% of the observed sorption (that is,
the"ekcess.resin»coﬁcentfation over'its measured stoichiometric capacity)
canebe due to the presence of charged or neutral complexes, rather than

to Donnan sorption of completely dlSSOClated salts Whatever the ratio

-.'of complex to the total of complex and Donnan uptake, this ratio will tend

to be relatlvely constant over order—of—magnltude changes in total aqueous

phase concentrations.
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lhe ability of a,resin_tovsorb excess ionic species is given as
a function of the solntion;phese activity by the Donnan expression,

Eq. (9), This eqnetion predictsvthe same sorption for all lel—[zYI
electrolytes at a given solution pnase activity;tprovided the activity
coeff1c1ents of the sorbed Iz I—lz l electrolytes are the same.

Strong electrolytes are salts that dissociate completely in
solution, hence do not form complexes, For strong |zA|-|zY| electro-
lytes,:tne activity coefficients for the various electrolytes in dilute
solution are quite'Similar, and are:given by the same‘bebye—Huckel or
Br¢nstedltype expressionsf.-The ectivity coefficients for such electro-
lytes in“tne resin phese,‘though possibly different from those'in the
solutionsphase, shonld nevertheless be sinilar for all lZAI—!ZYlv electro-
1yté§; ‘lt is expected that in.the'resin phase strong electrolytes will '
not associate, nor form compleies;' Thus, sorption by the resin should be
neerlylthe:sane for'alllstrong electrolytesbof a given charge type and will
be a direct measure of resin tolerance ior excess free co~ions as a
function ‘of solution phase activ1ty |

Electrolytes that do not behave strictly as strong electrolytes
‘ and thus form complexes in solution, are expected to form complexes in the
resin ?hase also. Such complex formation in the resin phase will have the
net result of increasing the total ubtake of electrolyte without increasing
thevamount of free co-ions. The equations for complex,formation-in the
resin phase are analogous to those for the‘solution phase (Egs. (13)

through (16)), except that all quantities refer to the resin phase.

i
'
i
i
|
|
|
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Either of two situations is possible: the counter ion can be
7 , Z
either the ion of higher valence (A’A) or the one of lower valence (y Y).

For either case, the counter-ion concentration in the resin phase will
be large,fénd will not vary from the resin capécity value. When the
. . .

counter ion has the higher valence (A A), complex formation in the resin

phase can be characterized by a new resin-phase complex-formation constant.

EAK& = constapt = M£ ,
thus
_ Ay
My == (25)
(mY)

where 'ﬁg is the equilibrium constant for complex formation, multiplied

s

by the resin capacity.

- The total uptake of co-ions (5&) is the sum of the uptake of the

free co-ions plus the complexed co-ions.

ey
H
P
4+ :
M=
oo
<!

Q
]
=
=
+
=

: N v :
oy = om el ey Al @)h L ~ (26)
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At 1ow'to‘moderafe concentrations (up.to around 0.1 molal), the
cont?ibution of the terms withih the summation will be small compared with
the first two terms, and thu$>the total uptake of co-ions will be pro-
portional to the sorbed ffee co;ion concéntrgﬁibns E&, Since E& is given
by'fﬁeibonnan tfgéfment, énd thé ﬁafai ﬁﬁtéke 6f CQeions is a 1ineér
fun;tiéﬁéf the sorbed free pb—ioﬁs, the Egzéi_co—ion uﬁtaké (the‘frée
co—iéné énd thoée in the“cbmplexedrform) will follow the same pdwer
depéhdencé'dn solutibn—phase‘activityvas does the free co-ion uptake.
At_low solufioﬁ concentrations; theﬁ; éémplex formation will increase the
| sbrpfipﬁ of electfol&ﬁeABy a factor of (1 + ﬁi). If ﬁi(=KlﬁA)'2=l, this
inérease can bécome quite appreciable. |

At higher sélutién concentrations, with counter ions of higher

A

than one co-ion should begin to contribute. Even so,_becaﬁse Ml will

valence states (z of 2 or more), the terms for complexes containing more

prédqmihéte,:the total uptake of co—ion-Will follow much the same power

dependence on solution-phase electrolyte activity as in the Donnan treat-

ment. -

: _ ‘ | z,

When the counter ion has the lower valence (Y ~), the total uptake

v R : v _

of co-ion (A ™) becomes:
. n . .
- B max § . _
g, = m (1 j{: (mY)nKn) . _ (21)

n=1

Only multiple complexing of co-ions will convért:them'into easily sorbed
counter ions. In Eq. (27), B ax is the maximum coordination number

allowed by the electronic structure of the co-ion. Often the ﬁ; value
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for n = nmax’ and occasionally othgr Kn values . »

as Weli,‘will give terms in Kg(ﬁ&)nmAi that afe much larger than the

Donnan uptake EA; A good example of such multiple-ion complex formation

- can be found in the well-known separations of polyvalent cations in HC1

solutions on anion-exchange resins.

bl
-

Idehéification of Mechahism
Two appféaéhes to.the treatmént.of‘electfolyte sorption by ioh
'exéhénééers‘aré pbséibie; One éppfoaéh is to take the Donnan treatment
Qombined with the Measured sofptiothor a given eleétrolyte, and to
céléﬁlate the corfesponding aétivity.coefficients for that electrolyte in
the resin phase. This approach, uﬁfortunately, does not shed much light
on the nature of the sorbed electrolyte.
The secéﬁdvapproéch is to assumé that at a given solution-phase
acti#ity of an electrolyté,'the net sérption of the electrolyte'as free
'ioﬁé.by the'resinvis'giVeﬁ by the.sorption of a corfesponding IZAI~|sz
strohgvelectrolyfe,at the'samebéolutibn—phase activity. Thus the increased
sorption of any eléétrolyﬁe over that of a strong electrolyte can be
attributed to ion associafion:(complex formation) in the resin phase.
" This appfoach allows oné to identify the various speciés sorbed by the
resin from solution. Such‘informatiqn will be required in ordexr pro-
‘perly to assess the @ontribﬁtion of‘the sorbed electrolyte to the

A

measured conductivity of the resin particles.

) ¢ - . | 07 . . ‘v y . .

The choice of equation in a given case is determined from sorption
measurements for ‘a known strong electrolyte. For dilute solutions, such

measurements will immediately resolve whether Donnan sorption is occurring.

If there.is no sdrption of the strong electrolyte (or if this sorption is
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small coﬁpared to the measﬁred_ubfgké of otherﬁéimilar pblyvalent electro-
lytes),»then sorptiop is due mainly to the distribution of'complexed and
uncompiéxéd ions on the reéin as éounter iéns; EQuétions (17) through
(2k) caﬁ'Ee used for this casé.  - |

For'mofe.@onceﬁtratedusolutions, or where there is significant
sorption of known strong electrolyteé, Eq; (25) through (27) should be
used to treat the.enhanced sorpfion.of electrolytes.

ﬁ’”for a l—lvelectrolyfe forming only a neutral molecule, the enhanced

sorption of such an electrolyte oVer that of a étrong 1-1 electrolyte gives

immediately the conceéntration.of the neutral species on the resin.

-5 - | . (28)

Ay Y(meaSﬁfed)f _mY(strong eiectrolyte)
With EA,Eﬂ, and 'EAY known; the equilibrium constant for complex for--

mation ih-the-resin'phase can be calculated.

For a IIZAI—IZYI electfolyte fofming'only one complex, the
additional relations needed to solve for all sorbed.species are: 5} the

e

same as for strong ]ZAI'IZY[ electrolyte; the mass balance for Y

oy =.my v omo s | . (29)

electroneutrality in the résiﬁ phase

Loyl = Iyl o Loy lmy - o

Since mY, GY, mR are known, mA_ and m.AY can be calculated. The equi-

librium constant for éomplex formation in the resin phase can again be

calculated readily.

i
|
|
j
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For a; |zA|Ale| electrolyte forming several complex species.,

the relations (in addition toqu. (28)) become:

. 'N . . L
% T ™ 7 Z myy s - (31)
n=1 o ' ,

and

2]
4

A R A IOV Ve (32

For'N=2-Qr more, theré are.more unknowns than equations. The additional
needed equations (N-1 of them) must be prGQided from some knowledge of

the'équilibrium constants (howéver, only N-1 such constants are needed,

since the last one may £hen_be caleulated from the total cbserved uptake).

Experimental Program

The electrolyte'SOfption by Dowex S0W-X4 of a number of rare

e : +++ +++ +++ +++
earth nitrate solutions (Ho y, Ce ., La , and Nd ), a perchlorate

solution (Laf++)

s and silver nitrate and sodium chloride solutions was
measured. vSolution concéntrations invesfigated varied from 0.01 to 0.1
molar for the rare earfhs, from 0.01 to 0.5 molar for silver nitrate, and
from 0.1 to l.O‘molar for sodiumvchloridé. The sdrptionlof'lénthanum
perchlorate on Dowex SOW-XQ?_XS,'éﬁd X12 was méasured for concentrationé'
from 0.1 to l;b molar. | |

Two 25-ml burets were each filled with.approximately 15 ml of the

wet resin in the hydrogen fbrm, Fritted-glass disks retained the resin
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in the:column._ The resin was then pretreated by the procedure described
for conductivity meaSurements. Once the:resih wasvin the desired ionic
form, it:was edullibrated with:solution ot-the desired coucentration by'
passing.about lbo.mlvof solution (or about 20 times the expected sorption)
through the column over a perlod of 3 to 5 hours.

: The llquld level was then allowed to drop to the bed level, Where—
uoonhelutlon w1thvde-1on1zed dlstllled water was begun into a 250 cc
coluﬁetrlc'flaSK; The llquld holdup of the equlllbratlng bolutlon was
calculated by addlng the void volume in the bed to the re31dual volume
between the glass filter and the buret tip (0.6 cc). The electrolyte
present in this holdup lquld was subsequently subtracted from the total
electrolyte eluted off The remalnder represented the electrolyte uptake

by the resin.

'Upon completing_the electrolyte;sorption measurements for a'given

couhter ion, the counter ione wereheluted with 6N HN03 into'a'250 ce volu-
metriciflaek. Thls served.to measure the resin capacity and, if.the resin
capacityvfor the various ions remained constaut, to insure that_all the
sorbed eleCtrolyte had previously been entirely eluted.
u Silver nitratevsolutions were analyzed by titrating‘for Ag%_with

SCNf; rare earth nitrates by titrating with EDTA in the presence ofvEBT
(Eriochrome Black'T).' The sodium-chloride-solutious were analyzed for
Cl; by the Volhard:method. | |

The uptake‘of'watervby the resin.was determined from the ﬁeasured
volumetric capacity'of the resln by using the empirical expression of

Pepperf9
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. ERNED

where (Vm)H

that- has a 1.0-gm H-form dry welght (Wm) is the volume of water sorbed

H
on the same ba51s, ‘and (de)H

is the swollen volume in the m-form for a quantity of resin

is the correspondlng volume of the dry
vres1n in the m—form Gregorl lists s?eciflc volumes for dry exchangers,
the values for Na s Ag . and dlvalent ions such as‘Ba +,.Ca++, and Mg

" are all similar and can be ta.ken asv 0.63. It can be assumed that the
spec1f1cvvolume of dr& exchanger for the rare earths is also approx1mately

063

Results and Discussion

The SOrption of.a nﬁmbefiof elecffolytes from solﬁtion by
Dowex 5OW—Xh cetioh'resih'iS-given in Table i and shown inIFigs. 1 and 2.

Figﬁre i gives‘thelsorﬁtion of two 1-1 electrolytes, NeCl and
AgNO3,vas avfunetion of the_sQlutio#¥phase ectivity of the respective
eleetrolYte. NaCl behaves as a strong electrolytevin water, and does not
asseciate or fofm complexes in either the solution of resin phases. In.
centrast, AgN03‘ |

associate (that isy-to form neutral ion-pairs) in the resin phase as well.

is known to associate in solution and is expected to

‘This is reflected in the ehhanced sorption of.AgNO3 in the resin phase,
about ten times that for NaCl at any given solution-phase activity.

Thus approximately 91% of the sorbed AgNO._ is present in the resin phase

3

as associated ion pairs, and only about 9% as free ions. Table I presents

the re51n—phase concentratlons of Ag-, AgNO3, Nog and the corresponding



Table I. Sorption of Electrolytes on Dowex 50W-XbL

. _ s ? B . Totai . Sorbed '1 : ‘ _ _ ,
Molality ~ Activity - Bed = Resin = b iro- Electro- %% - Uneom- . Com- Counter .=
. a+ Volume Volume,cc 1 14 _ Excess lexed - plexed Tons: Kl.

oy " ce {smoothed) yte o yLe ‘T, PE - piexe : s B

X ‘ molei molei Y , o
(vy) V'm Yy x-107 % 10 Resin-Phase Molalities
| My Ty My
NaCl on 0.0236 eqﬁi#aiénfs of resinv(Cﬁ =:2.86_¢c) ‘ |
0.30k 0.216 . 16.35 9.8 . 226.%  12.4 . 0.0177  -0.0L7T 3.38
0.507 0.345 15.59 9.4 372.5 31L.7 0.0L485 0.0L485 3.62
.03 - 0.677 1k.95  8.98 772.0 . 116.0 0.189 0.189 3.86
AgNO3 on 0.0231 equivalents of resin (Cp = 2.80 cc) _
0.050 0.0395 -12.96  8.22 - 31,5 2.58 0.00475 0.00045 0.00431 k.26  2.25
0.152 0.106 12.75 7.98 ©107.0 . 21.5 0.0k15 0.0036 0.0379 L. u6 2,36 .
0.304 0.182 12.43 7.6L4 "~ . 23k4.5 67.3 0.139 0.0122 0.1268 k.69 2.22
0.512 0.273 12,28 7.2 L2225 1469 0.331 0.029 0.302 - 5.23  1.99
average ' _ _ v 2.2
La(C10L)3 on 0.0236 equivalents of resin (Cy = 2.86 cc)
0.010 0.0148 - 13.55  8.13 7.81 2.09  0.0117 0.0117 1.493
0.050 0.0556 13.55 8.11 ~ 39.55 10.91 0.062k 0.062k4 1.52
0.102 | 0.104 13.50 8.04 " 78.5 21.3 0.1233 0.1233 1.557
La(NO3)3 on 0.0236 equivalents of resin (Cp = 2.86 cc)

0.0103 0.013 13.35 8.13 - 8.77 2.66 0.0152 0.010 0.0052  1.k9 0.335
0.0206 0.0227 13.33 8.125 17.9 5.7 0.0325 0.020 0.0125 1.k49 0.416
0.031 0.031 13.3 8.12 26.5 8.25 0.0k480 0.030 0.018 1.k9 0.k402
0.052 0.ok6k - 13,75 8.11 46,8 15.44 0 0.0882 0.050 0.0382 1.hk9 0.513
0.105 0.081 13.35 8.0k 88.8 27.8 0.161 0.100 0.061 1.51 0.Lok

(continued)

92$6T~T40N



Table I.

Continued

[eNeNoNoNoN

' Activity - Total Total ‘ . ' .
‘Molality Electro- ~ Exees. “ Uncom-  Com- Counter
my NG volume  Volume,ce: 1yte XCESS . plexed  plexed  -Tons
Vy (smoothed) roles Sy
(vg) Vm x 10° Resin-Phase Molalities
_ Ty Tpy
.105 - 0.081 13. 85.8 0.1505 0.100 0.0505 1.51  0.36
" average L : o 0.403
0.0231 equivalents of resin (Cy = 2.80 cc)
.010 0.0128 13.5 '8.94 0.01719  0.0096 0.00759 1.538 0.51k
.020 .0.0208 13. AT7.75 0.03495  0.0178 0.01715 ~ 1.537 0.626
.0301  0.0301  -13. 27.7 0.0567 0.029 0.0277 1.537 0.62
.0505 .0.0Lsk 13, L3.7 . 0.0746 0.048 0.0266 1.547  0.359
.102 0.0794 12. 83.2 0.1566 0.096 0.606 .1.56 0.405
average ' o , : 0.505
' 0.0236 equivalents of resin (Cp = 2.86 cc)
0.010 0.0128 13. 9.84 0.01668 . 0.0096 0.00759  1.538 0.48"
0.020 0. 0208 13. 18.1 0.03465 0.0178 0.01685 1.538 0.615-
0.0301 0.0301. 13. 25.95 0.0577 0.029 - - 0.0287 1.537 0.6Lk
0.0505 0.0L45k 13. Lk, 15 0.08289  0.048 0.03489 1.547  0.47
0.102 " 0.079k 13. 84,0 0.1488 0.096 0.0528 1.577 0.349
average 0.51
' 0.0231 equivalents of resin (Cp = 2.80 cc)
0.010 .0.0128 13. . 9.63 0.02013  0.0096 0.01053 1.50 0.732
0.0301 0.0301 13. 29.55 0.0631k  0.029 0.03418 1.50 - 0.785
0.102 ~ 0.0794 13. 93.5 0.1908 0.096 .09k8 -1.50 0.66
average - _ : : 0.726
- Ho(NO3)3 on 0.0236 equivalents of resin (Cp = 2.86 cc) _
0,011 0.0138 1k, 9.92 0.01605  0.0105 .00555 s} 0.355
0.0333  0.0325 13. 27.83 0.0k41 0.0318 .0133 1.50 0.279
112 - 0.08k6 1k, 95.1 0.1509 0.107 .0k39 1.53 0.268
raverage : ’ ' 0.30

92G6T-TY0N
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Electrolyte Activity

Fig. 2. vSorption'of 3-1 ele‘ctr-olytes on Dowex 50W-X4.
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association constant-Kl

4+ .
of Ag . The association constant found for the resin phase (K=2.2) is

as functions of the solution—phase concentration

:1somewhat larger than those reported for AgNO in dilute solutions (K=Or7‘
'ﬂfor 0. 05M AgNO ) Assoc1atlon constantsvforngNoé in dilute'solntions
are reported to 1ncrease with 1ncrea51ng concentration. Thus the observed
larger‘value for the re51n.phaee (where the electrolyte concentration is
high)vappears reeeoneble. | | |

’ | figure 2 showsithe ﬁeesured:anion sorption for several rare earth
nitrates and for La(Cth)B, as a function of the solutlon—phase electro-

lyte act1v1ty The act1v1ty coeff1c1ents for the rare earth nitrates

are taken to be the same.as for the rare earth chlorldes;ll and for

12
3°

avallable from the llterature ‘and were not expected to be 51gn1f1cantly

'La(Cth)3, the same as for Ga(Cth) Data for the latter were readily
dlfferent (Cth) behaves as a strong electrolyte, and was used to
measure the co—ion concentratlon in the re51n as a functlon of solutlon—'
phase electrolyte actiVity for a 3—1 electrolyte. The complex formation
constants for the rare earth nitrates (Kn) in dilute solution decrease

With-each additional nitrate (K, > Kz, etc,).h Thus a significant com-

1
plex formation of only divalent complex AY+f was assumed and the equi-
llbrium constant for.the.formation of this complex (Kl) was calcnlated
.from the experimentel'data on .this beeis.
| .The effect'of crosslinking on L5(01bh)3 sorption is given in

‘Table II and shown in Fig. 3.

| This nodel for-dividlngvtotal uptahe into uncomplexed and complexed
sorptlon has been utilized dn a concurrent study'of resln—phase ionic

mobilities. | 2




Table II.

Molality “Activity Bed

Effect of Crosslinking on La(C10))3 Sbrption

Resin

. Total

~ Sorbed

. Total

8+ © Volume  Voluime,cc " Blectrolyte - Electrolyte Excess - "vUncombléXed' goggzér :
A Vy ce (smoothed)  moles X 105 moles x 10°. G, S :
v ' - Resin—PhaSe Molalities
(vy) © myyy i, m,
Dowex 50W-X2, 0.01675 equivalents of resin (Cp = 2.03 cc) o
0.102 0.104 13.5 8.1 - - ' 90;3 o 29.6 .~ 0.146k 0.1464 0.97
0.536 0.67 12.95 T4TT 435.0 k2.5 0.7452 0.7h52 . 1.22
.15 W8 11.75 7.05 817.5 . 217.5 1.662 1.662. S L.67
.HDowex‘SOW-Xh; 0.0236 equivalents of resin (Cp = 2.86 qc)' o
0.010 0.01k8 = 13.55 8.13 7.81 2.09  0.0117 vo;0117--- 1.493
0.050 0.0556 13.55 8.11. 39.55 10.91 0.062k 0.062h - 1.52
0,102 0.10% 13.50 8.0k : 78.5 21.3 0.1233 0.1233 . - 1.557
 Dowex SOW—XB, 0.01845 equivalents of resin_(Cm =.2,28 cc)..’- ‘
0.102 o.idh 9.25 5.55 55.6 12.1 0.111 0,111 - 1.9é
0.536 0.67 9.25 5.55 286.5 69.0 0.633 . .0.633: "2.09
1.15° L.8 8.9 5.3k - 578.0 . 15k.0 1.512 1.512 a2
Dowex 50W-X12, 0.0168 dQuivalents of resin_(Cmv= 2,11 cec)
1 0.102 . - 0.10k4 6.5 3.9 37.2 L.8 0.080k 0.080kh 3.16
0.536 - 0.67 6.5 3.9 . 192.5 30.5 0.513 0.513 3.31
1.15 L.8 6.25 3.75 397.5 82.2 1.506 1.506 3.93

*Eﬁ?si_‘
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Fig., 3. Sorption of La(CIOh)3 on Dowex 50 for various crosslinkeges.
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Iv. CONTINUOUS LIGAND ELECTROCHROMATOGRAPHY

Introductlon

'A new derice Aneing the. selectlve 1nteraction of.comnlexing agentsv
for different ions, has been developed fcr thercont1nuous preparatlve—
| ecale "ngand" electrochromatographlc separatlons of charged spec1es such
as the rare earths.

Cemplexing agentejhave?heen:need befcre‘to achieve electrophoretic
separations of ions.l-sb Lederer3 found differences.in the rate of.migra_
taon.of rare earth 1onsvon paper strlps when in the presence of 17 citric
ac1d; EDTA has been usedl’ -to separate catlonlc nlxtures by the selec-
ti&é complexing of only one‘of the.icns with a:correeponding change in
its directlon of electrophoretlc mlgratlon. BrilA Brii ‘and Krumholz
achieved partlal separatlon of rare earth m1xtures by llmlted complex1ng
with EDTA and subsequent electrod1alys1s to remove excess cations from
complexed anions. R |

: in the present unit, continuonS'separaticn is brought about by
electrophoretic migration of excess rare earth ions across a. transverse
laminar flow of ccmplexing agent in a packed bed.“Seiective complex for-
mation of.the ionvmixture,‘with a resultant marked mobility change for

- the complexed species; caugses the net electrophoretic migration rates'to_
differ fcr each ccmponent,‘and hence to produce a eeparation.. The Ligand
is.introduced as a.ccnplex with retainer ion, which has an affinity for
1igandithat.is,lower than any feed—comfonent'affinities.-_Next to the
ligand-retainer mixture,‘the.feedmmiXture to be eeparated ie introduced

and in turn this is followed-by a chaser-ion species which has an affinity
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.for 11gand that is hlgher than any of the feed—component .affinities.” Such
1nput streams assure an excess of complexable ions at each p01nt relative
to the supply of llgand, 50 that the llgand remains almost entlrely com—
plexed and 1mmob11e relatlve to the electrlc field. (Thus complex1ng
agent travels only in the dlrectlon of fluid flow, w1th the veloc1ty U

of the contlnulng_fluld.)

Physicai-Deséription of the Method

" In this ne%'typévof;eleétféchromatogréph,'the cémplexing agent
or "iiédnd" (complexea-ﬁith ﬁefél ion) enters the bed at the left end and
moves through the bed with a convectlve veloc1ty U o as shown in Flg 1.
The feed of rare earths.ls 1ntroduced either along part of the left end
(FP 1) when p&rtly_complexed, orvalong part of the anode side (FP 2) when
uncomplexed énd‘is moved by thé imposed eléctric fiéid transversely across
the bed Wthh unlformly contalns complex1ng.agent

Inltlally the llgand is éomplexed with an ion for Wthh it has a
.lower'affinity than for the mixture of rare earths, and the feed or rare
eaftﬁé is followéd by an ion for which complexant has an even gfeater
affinity. In such cases sharp transitions will in general be maintained-
as the ions migrate through the bed of complexing agent; this result is
analogous to displécement:development in ion exchange. |

The electrochromatbgraphic bed can be represented by two distance
variables (es in Fig. l) ’ze; the diétance”in the direction of electro-
phoretlcvmlgratlon, and .z o the dlstance in the direction of cbnvectl;e

flow. ’The steady—state migration path of any transition can readily be
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| CATHODE

, . | " 7} ELECTROPHORETIC FLOW (v,)
CONVECTIVE | - T -
FLOW  OF - S CONVECTIVE FLOT (U )

COMPLEX

=

FP 5

[anone

rig, 1. Ligand'electrochromatography. FP 1 and Fp 2 are the
two possihle feed positions, . ‘
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plotted on Flg. 1, onoe the electrophoretlc and convectlve velocities of
the tran51tlons (that is, of the 1ons located at the boundarles) are known

The electrophoretlc veloc1ty for a Zone of pure component is
given by.the electrophoretlc moblllty of excess uncomplexed ions plmes
the fraction of the total amount of that species present that is uncom-

' plexed,. U, C/(CO‘+ CZ). c, is thefooncentraﬁion of uncomplexed‘ions,

and C: the concentration ofvcomplexed ions. Defining the ratio of uncoﬁ—
plexed to complened ions.es S=CO/CZ,,£he net zone velocity becomes
UGS/(S+1);

For a steadyastate system, the transitions between zones of pure
camponents musﬁ»migrate at the same velocity es-the,pure zonee. The
direction of migretion for a-fransitibn between‘pnre components can. be
expressed by‘the distance;migrated for a given time At ’in the direction

ofvelectfophoreticvflow and the_distance in the convective direction;'

7z = U At
e
Z, = U At . R ' | (1)

The transition peths for. all values of Ue/UC and S can be super-
imposed on a single graph by replacing ZC by tne normalized convective
distance Z _(U_/U_)8/(s+1). Thus, on a plot of Z_ vs. ZC(Ue/Ué)S/(S+l),
all transitions between pure components will have a slope of L5°, asfin
Fig.né. In Fig. 2, componentspR and A ere shown as being brbugnt into
phe bed along with the complex, and B-and Ctare introduced'ffom tne‘enode
side. The order of'increaSing pfeference.fofwthe ion by»the complexing:

agent is: R, A, B, C.
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If a mixture of‘components A and B is fed to the bed from the

left end, the transitions betneenvcomponent R and mixture and between
mixture and component C occur along paths shown in Fig. 3. As components
A and B of the feed mixture migrate through the ligand environment, separa—
tion occurs.between‘them | Since B is the ion preferred by the ligand,
a zone of pure A forms and expands ahead (downstream) of the mixture, and
one of pure B appears behind (upstream) of the mixture. Beyond the inter-
section of theseiZones,hnhere separation'becomes complete, B transition
“will parallel the R—A and B- C tran51tions, all=three having a L5 vector when
plotted on these coordinates.. | |

'vThe_time-dependent.behaVior of a differential one-dimensional
chromatographic-colnmndcanhbe used to represent'the steady-state behavior
of the two-dimensional electrochromatoéraph,vas shown in Fig. 4, The dis-
placement development occurring in this analogous column will trace out

the steady—state behav1or resulting in the ligand electrochromatograph

'TranSitions Bétween.Single—Component Regions

To calcnlate the slopes of the transitions of interest, between
the ZOnes'of pure A and of mixture A-B, and between the zones of mixture
A-B and pure B, it is necessary to determine the transverse velocity com-
ponent for each:transition;VvThisrcan be done easily, if the following>
assumptions<arenmade;'g(l) all species (both complex and free ions) move
axiallj with the same conrective Velocitj. (2) There is no mass tranSferv
due to longitudinal dispersion or diffusion. (3) Uncomplexed ioms, only,
move in the electrophoretic direction. (h) Sharp transitions are main-<

tained betﬁeen separated components and the mixture which is still
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Fig, 2. Transitionfﬁaths,between'zéhes'of pure componénts on nor-
malized coordinates. - Order of increasing affinity for complexant:

R, A, B, C.
1 R -
Zeg B
2e
ze c

[a+B /

i i .
U ' U
e 8 , e. 8
Zey U, s+1 Ze U, s+1

Fig. 3. Transition paths between zones of pure components and mixtures
of components. Order of increasing affinity for complexant: R, A, B, C.
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/C c c el e

N

The time dependent behavior of a differential
‘unidimensional chromatograph column $uperimposed on
VOn-thé‘normalized ligand electrochromatograph unit

" wcoordinates, " Order of increasing affinity for resin:

R9 A, 39_' c.
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‘separating. With these assumptions, still;using tﬁe enalogy of a dif-
fefentiéi one-dimensional column, a mass balance made for any component
aérdss.the transition of interest will give the transitiOn velocity._
This'velocity'apﬁlies to the electrophoretic—migratioﬁ diréction, in the
continuous elegtrdchromatbgraph. '- |

o Sillen}s defivgtion of transition migration velocities for one-‘
diménéional‘chromatog;aphic columns7 hés'béén ﬁbdified for the present
case. vFor any i-ij trénéifioh, thé net tranéport of éomponent i across

the i-ij transition (N () is given by

1
= uc (), | (@

where in = Ci/Co, the equivalent:fraction'of species 1 among the total

i

is the difference in Xi between'the two sides of the
’ : ' . - % %
transition. In the steps to follow, Yi = Ci/co will represent the equi-

freeiions, aﬁd X
valent fraction of species i émong all'bompiexes.

Since the Conéentratibn of species 1 and j change only at the
transition, the net—transpbrt relation will be valid over a segment of the
colﬁmn, of any arbitrary size but containing only this transition, shéwn
in Fig. 5a by dotted lines. In a given fime At, migration of the,tran—
sition will trace éut a net accumulation of species shown by the shaded .

area in Fig. 5b. This accumulation term is given by

,-. .' B i * . ;l“. v .‘ . )
Accumulation = Uij CO(AYi) +‘Uij CQ(AXi) R | (3)
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Fig. - 5. Migration 6f i-1ij tré.nsiti_o‘n for diff_erential uni-
‘dimensional chromatographic column.
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' The net material balance, across the dashed lines of the column, thus
becomes
U c (ax,) =uU,;, (CAY. + CAX. ) . - (%)
o eo 1 ij ~To i o 1
'Réferring to Fig. 1 representing the electrochromatographic bed,
the s10pe;for.tﬁeftransition between puré’i and the mixture of i and j is
given by the ratio of the electrophoretic migration to the convective

- migration. The distance~velocity relations are |

_ i
My = UL, 0t

Az, =UM L | | (5)
Thus the slope of the transition i-ij in the bed becomes

(b2, /82)7 ) = (U0 )(841)/s . . ®

Equation (4) can be used to eliminate'U;j/Ué. The resulting

slope for a transition is then

' : AX,
i i
(Aze/AZc)ij = Z§;—:—§Zi;-(s+;) . _ ()

Introducing‘the'variable ¢iv,fof the point-value equivalent :

Ffraction of i (iﬁ.both complexed and free-ion fofm) gives

Y.C

+ X.C_ Y. + SX,
b, = 1 : 10 _ 1 1

5+ 1 ?

(8)

[
O %O %

C +C¢C

o
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with Z¢i = 1. The equation for the slope of a transition is then expressed

simply as:

AZ \* AX, - . AX, _
& I i | (9)
AZ Ap. A,
ij 1 J

with Xi = 1 on one side, and l—Xj'on the other side of the transition;

[8

and similarly for - ¢. That is, the migration slope of species i is given

by
/a7 \* X,

where j is the component which disappears at the transition.

Transition Intersections for End Feed
The feed is introduced at the end With’the complex over a dis-
tance’ Ze »-as shown in Fig.v31 The slopes of the i-ij and ij-j tran-

sitions are each given by_Eq;'(9). The two transition slopes between

pure component and mixture can then be written.

_ 72 -7
: XB els eo - . :
Slope A-AB = o= = —H——— B (11)
o =_
1 Uc S+1
Xy Zel
~ Slope AB-B = P C T . _ (12)
. Cl U
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A new equilibrium parameter R; can be defined:

i g% L (13)
R, X, 0 | o |

(In contrast, the usual équilibrium constant would be XjYi/Xin.) Now
Egs. (11) - (13) can be combined to solve for the electrophoretic coordi-

nate.of'the intersectidn point between the two transitions; that is, the

value Zel required‘to achieve separétion of a mixture fed over the inter-
val Z_ =0toZ_ = 2.
e e e
e :
e o aw
€o 1 - R ' ’

The equatiOnS'cén also be solved for the convective distance

needed for separation

e S
ZCi'Uc S+1 ‘ Rg Ri
5 = ——F +9¢, =3 - ¢y (15)
€o 1 - R Ry =1

~ Transition Intersections for Side Feed .

For the case where feed is introduced. from the side, as shown in
Fig. 6, the same approach.is followed. The resulting con#ective—direction
distance Zél required to separate a mixture fed betwéen'-Zc = 0 and ZC = ZCo

is found to be:

c1. I : | ' (16)
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A+B

© @ | v

Fig. 6. Side feed of:A-B mixtufe to normalized ligand electro-.
chromatograph unit. Order of increasing affinity for com-
plexant: R, A, B, C. -
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The electrophoretic distance required for separation for this case is

7 - a

B .
e, - R, . o R
k1 B A . . . :
. B ix =2 g : (17)
” U s 1 - RA_ vXB RB o1 A | _

e
U, & .o

Dimensionless Framework

Dimensionless distances can be defined by dividing the prévious
'hormalized distances by the appropriate feed distance. The new coordinates

then become;

Z .
E; = Zg- dimensionless electrophoretic distance
f
N Z, U, g v ‘
7 === —  ———. dimensionless convective distance.
e 2, U_ - S+T ST :

f e

is given by

The feed distance Zf
Z,., =7 for end feed
f €q5
Ue 8
Zf = ZcO E; ST for side feed. v B

Feed and Offtake Locations

- The resulting_interseétions of the transitions are shown in'Fig. T .

B

as a_functioh of the mbdified‘equilibrium paraﬁetefv'RA
ratio of the ibn mixture. This gfabh‘can be used fo select the cohditions

and of the feed
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}
|
FEED MOLE FRACTION .
CP = 0.0 .2 .4 .6 .8 1.0 !
B _ : i
|
FEED
MOLE |
FRACTIO
i
;

7. TIntersec¢tion of transitions for the separation
of A-B® mixtures on a dimensionless, normalized ;
graph representing the ligand electrochromatogranph ,
unit. The horizontal dashed lines represent the ‘ i
transition intersections for end feed; the- j
vertical lines represeut the intersections for :
gide feed, ' §
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¢

té give the most efficient separation, thét is,;té determine where the.
feéd.shoﬁld be inﬁfoduced.and Where £he véridué products should be COl;
] lected. » |
B The.twb poSsible feed.ﬁosifions aré'shoﬁn‘in Fig,vl.f The fééd
may be fed to fhe unit With the éomplexing agent, or iﬁ‘may be introdﬁéed
electrophoretically £hfoﬁgh the diaphragﬁ élbhg the éide of the unit.
| The.separated componenfs.may be collected from the column in one
of three wéys, as shbwn in Fig. 8. Both comﬁonenté may be collected along
the;gide'ofrthe unit (through the diaphragm), both at the end of the
cbluﬁn,jor one‘componenf may be collected along the.sidevand the other
at the end. It is-éénefally desirable to_operate at the sﬁallest ratio
of powerfconsumptibn (IE) 6 thrbughput. Collécting both épecies along
the éide or at.the éhdvresults in é sizable expenditure for excess power,
as indiCated in Fig. 9.n'Tﬁis immediately favors seffiﬁg thevofffake'posi-
tion so that one cOmpéhent isj¢oilécted'along the side and the other a§'
the;éxitfend. o B - | |
The practicabie operating conditions afe thus reduced to one off-
take pattern and two possible feed positions. The choice of feed posifion
is made with the help of Fig. 7. The electrical power required to operate
the,unit is given by IE, thé producf of cﬁrrent and volﬁage._ At a given
valﬁe of S thé voltége will be prbporﬁionai to %é; hence the current'ﬁill
be»pfOportional to the»croés—Sectional'area for électrophoretic flow,: or
in other words'proportiénél fovié; The powef réquired for.é'givenzsepara_
tion will be proportional to the area of the_unit‘on ﬁhe normalized.graph,_

that is, to the area bounded by thejappropriate E; and Eg_that jusﬁ,give _
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cathode
1

@)’

|
{
i

Fig. 8. Possible offtake patterns for ligand electrochromatograph
operation. '
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No further separation
past here

'(é)

|

| No further separatlon
s, past here

t

'

)

B

' .Fig. 9. Inefficiency resulting if (a) both components are taken
"~ off along the side or (b) both at the end. "
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sepératidn.‘ The area can ghus bé detefminedufor‘each alternative feed
positién,'and tﬁe one-thaf fesults in thé smaller area caﬁ be adopted for
aétual operatioh.

Fér a givénvequilibrium parémetef Rg and a feed mixture lean in
the‘leSS‘stfongly coﬁﬁleXéd_bémponent (¢A = 0.1, or XA =‘O;l,.depending
on.feéd pdéifioh)Afﬁe>é§rr¢sponding power requirements forveach feed
posifioh‘are'repréSeﬁfed iﬁ;Fié. l0 by the éorrespondiné areas. For this
case it.can Ee seen that'feeding at the end would requir¢ only about half
the power_compared'to f¢¢ding.ét theride._yLikéyige it can be showh that

for a feed rich.in ﬁhe»leSs desired component (¢a > 0.5 or X, > 0.5)

A
feeding along the side becomes advantageous. Thus the general rule is

recorded in théufollowing table:

‘Feed'Mixturé' : ' © . Feed Position
Rich in high;affinity cdmpéhentb o ' End.feed
'?i:Riéh in“ldwéé;fiﬁitj componént ’ ‘ Side feed

Departures from Ideal Conditions

Heét;Transfer

| The rise»in-tempéraiure due to the'péssage of éurrent.placeé
sgrious limitafions on the design and:operatihgbconditions of electro-
chfomatographic units. "The_usé of_coolént streams on the faces or the

sides (that is, ‘in- the electrode chambers)_of a unit can significantly

reduce such temperature effects. Nevertheless it is necessary to be able
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— — fed from end

—@-— fed from side

Fig. 10. Normalized dimensionless area reguired to sepafat’e-
 A-B mixture lean in A, for side feed and for end feed.
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to prediet the maXiﬁumvtempereture rise in the oepter-of the unit. Such
calculations will plaee.limits on appiied voltage, solutionrconcentration
levels;.fésidence time,tfeedbtemperature; and perhaps other.faetors.
Fallure to properly account for the temperature rise caused by Joule
heatlng can have the follow1ng harmful effects |
- (l) Gas-evolutiOn from the process stream'with subsequent dis-
ruptlon of flows. |
(2) ‘Boiling of the llquld
(3) Damage to membranes, dlaphragms, or housing caﬁéed by uneven -
thefmal_expaﬁsion. o |
'kh)xVeriation.in bh&sicei propefties such aé mobilities,bequili-
briuﬁteonstents; and viscosities which may Have adverse effects on separa-
tions. | | |
. ;The makimum‘temperatufe riee in a uﬁitthas been previously solved
forjthree-ceses,gbes shown‘in Fig. 11: | | | o
(l)_Cooling at the_electrode—faoeevof the‘bed only.
(2) Cooling at the two lateral faces perpendicular to the eleotfode-
faces. _ | |
‘(3) Cooiing at all four facee.
Theethird mode of eooling is.notbgenerally employed, and will hot,be.-
lretiewed here. | |
.'If the phyeical properties are the same in allbdirections, and
the'Voltage gradieot is constant aerose the bed, then the solution to the

first two cases will be the same, except for a change in'coordinates,v




“115- B UCRL~19526

(a) | _ : . | (b)

. 5?’2 /IR /
v € <}/ N—e
v 5 |w /
, 4
4 ‘ 9' / 50
3 %0 ;
17 7] '_;‘ E ‘ ‘_.l'g
. , - - o /I
KA - - - -t . ] Z, g
4 » 2: - V,E
7 e
¥ ,
| | (d)
(c) | cooling
. " ?Mp - : o
. Q——E ]
A a0 v w ;
: : 80 2
¢ w s 7 o]
4 # -l ’ 4 o
7 Ze E 8 ’ ze, A 8
4 l . K] 7 V; 8]
! | ! :
cooling ; é L
o cooling

- Pig.. 11. Rectﬁngular’models of eleétrophoresiS”unité with -
lateral cooling. (a) General model  (b) Case 1 (c) Case 2
(d) Case 3. v '
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Fér the case where cooling occurs at Zev='0 and Ze = Zé, the general

heat transfer equation can be written .

J oT ) 3

| v o
57 (k5 tar Cgg) - (ugpc 1)
e e c . c e .
D yecmy s i 2 (o
- 3Z, (Ucpcp?) * v T ot (PCpT? o (18)

.Vhef?' kn = effeéfive thermalvcbnductivify, o] = dehsity, T.= température,
—UC = Plug—glqw yelocity in‘Zé—direétion, UZ = eiectro¥osmotic flow.in
Zefairéétiqﬁ; and CP;?.heat capacity. The powgr density is
%§-=,kb(VE)2, wheré k£'= effeéﬂivé specifié eleétricél céndﬁétivity, and
| .EV; electrostatic potential. |
The following reduced #éiiables are adopted: T' =T - T_
 zé =ﬁZé/Ze, E' ='E/E;é; f'=bH/UC, aﬁri.khypcp,.wv% kb/kh.' To is thev
temperatufe at ﬁhe:cooled wall and H ié the column iength.
v..The heatftranéfér_eéuatibﬁ.can be simplified'by the following.
vassﬁmptions: o o . |
| .(1>‘Steady—st§te é?eration,.for which the heat-accumulation term
vanishes. |
(2) Negligibie.conveétion due tO'electro—osmosis'and axial con-
dﬁction. |
(3) Thg.pétentiai gradient is in the x~-direction only.
.i.(%) Plug fléw through.the:packing; B | |

With the above assumptions, Eq. (18) becomes

2.

B 3Ty o BT dELR
dzg (e Bze) - P cp ot T :p (dze) =0 . (29)
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wifhvthe_reduced variables Just defined, this eqﬁation'becomes‘

a2 1o Ok 2

x=aT 2 @E |2 _-
: + S Sl a4 T e+ WE; () =0, (20)
82é2 Ky 9zg 92y oy AT -ﬁ'me_dze o
with the initial conditions: 0<z!'<1 1'=0
and the boundary conditions: ' =0 STt =0, B' =1
: ) Y
zl = 1 ' =0,E"=0

The'maximﬁmfﬁempérature rise is given analytically by

(AB/AZ Y2 4 L n (2n+1)°m20, T
T! = -———§—§—-22 W<l-~1.032 }: '-i:ggf_§‘eXp [— 5 n 2 L(21)
max S R “(2n + 1) B het

n=0

'bﬁhefé 2% isvthe diéfénce between éooling_compartmeﬁfs. Thﬁé fhis
equafidh is‘vaiid for thé casé of ¢ooli£g”ét the‘elecfrodes (AZe-; 22) or
coéiing at the two faceé'(AWv= 22). ’For‘moét:cases of‘intéresf

ﬂ2aT/&ezv> d.l:and only'the first expoﬁeﬁfial.téfm need be retainéd of

the seriés} N | | |

be a giVehYVOltagé gradient, the relation between;the maximum tem-

» peraturéirise T&ax is givenbas‘a function of the distance between coo;ing
plates (21) and the résidenée ﬁiﬁel T, as shown in Fig. 12. It canbbé seen
that”for large values of.z,.Téax becomes a constant and independent:of '
$his corresponds to thé situation‘wheré most of the Joule heéﬁing is absorbed
as sensible hgat 5y'fhé‘ii@uid_and;transported but of the unit with thebpro—.
cess liguid. "fhe L5° asymptoté_corfesponds to the steady—state condition

vwhere the Joule heatiné is conducted away via the cooliﬁg surfaces. The lat-
ter;situation is desiraﬁle_forzoperaﬁing‘siﬁce it giveé the maximum_throughput

for ‘a given temperature rise. The design relation for operation thus becomes

AE WL . , (22)
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Fig.-12. Maxlmum tenperature rise as a function of dlstance between'

coollng faces and fluid residence time.



‘-?i!:u‘g_ S UCRL-19526

Dispersion
Theoretical‘concentratlon profilesvfor'tfansitions between com-
ponen£s'should be_abrupt_(discontinuous) jumps‘fnombone component to the
adjacent one;‘in‘pfactlce.such'boundaries do’tendvto approacn the theo-
retlcaldprediction and exhibit "self—sharpening."' Axial and radial dis—'
per31on, however, cause nass transfer between zones of pure component
and result in finite overlap neglons.' The overlap zones between com-—
ponents w1ll decrease till the self—sharpenlng tendency of the zone
vequals the disruptlve dlspen31ve mechanlsms. :Cnce this balance is
reaohed the boundary remains stable, gettlngbnelther sharper nor broader.
The overlap reglon between components (1n going from 5% to 95%
of one.of the components) can be predlcted as a functlon of the flowrate,
partlcle diameter, and selecthlty of the complex1ng agent between com-
ponents.vl |
| Tne'effect of‘dispersion on.self—sharpenlng boundaries in ion
eXchange has beenndeveloped mathematically.G Because of the great simi-
lafity between thebion exchange case:and the present. systen, adaption of
- the matnematics‘for the former has provenvpossible. In the former; the .
'.movement:of the front is shown in Fig.vl3a.- Figure l3b shows_the‘estab—
lished front in'theepresent unit.. Tnis front can be interpreted in terms
of a unidimensional column of stabilized.fluid as shown in Fig. 13c in
dotted lines. As the fluid moves from left to: rlght the front in our
column noves from bottom to top
'The generalpequationsdfor one of the species in the overlap

region is given by
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Fig. 13. Analogy of transition.in continuous ligand electrochromatograph (b) with
transition in a unidimensional column (a); (c) indicates how the mathematics of
case (a) omn be applied for solving case (b). :
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AL Al A A C L .
37 C a3 C™ R aC -9C
D> + D = U = + == + == , (23)
N 2 pon - ot 3t o

where  C ¥ con¢entra£ion in eqﬁivaienfs per ﬁﬁit‘volume of ﬁhe excess
uncomplgxed species, ¢t = cpncenﬁraﬁibn in equivalents per unit volume of
the complexed species; D= effecfiVe.diSpefsion coefficient (assumed to be
thg-égme for uncomplexgd and coﬁéiexed'Species), Up = net welocity of:
uncémpiexed speciesgperpandicularfté the transition zone, h = distance
along ﬁnidimensionaiucoluﬁn'(perﬁendicular,toItransition), t = time.

f ; aThis.equaﬁion_diffefsffromfthe analogous case in ion exchange? '
in tﬁat it has an additionalvterm‘fovaccount for the dispersion of thé
comp}eked»species.

The ‘following substitution. can be made -

U 'g uoc ot , '
g = R —==—1n- =1, (24)
S+ C C +C B
(e} o} (o] o}

Mherefthemsubscript.zero.refers.to total concentrations. It is found.

that for large values of £ the concentration profile will asymptotically

apprbach,a profile’fhatvhas fdlldﬁing characteristicsf (1) ¢ =c(&);
(2) ‘no net fiow of cations relative to a cross-section of the column at
constant = &. 'From these twé conditions.it.follows that the accumulation
terms (3C/0t) +.(BCC/8t)'beéome éero‘énd.cah be dropped.

— A ; c,.C N
C,/C, and Y, =C /C ., the

With the additional definition X N

1

equation can be reduced to
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it cen immediately be seen that the constant.of integration for Eq. (26)

is zero.

= The equilibrium relation can be used to express Y,

Xz

QRC 2r(l-r)X + (l-r

[r-+_(1—r)X]_X [x-1]

in terms of

This equatibn can be integrated readily and the terms combined

to yield -
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B : c X -1 c¢ {(l-r)X, + T :
_ s el Co . _ 2 - o 2
- &= (3 [EZ + 1] 1?"vge'xl -1 log =X, +r - (29)

The analogous case for ion exchange (Eq. (23) without the dis-

persibn’term for the complexant) can be solved with the same ?ubstitution

(Eq. (24)) to give

X, . - :
l+r log L S (30)
The results of Eq. (29) .and (30) éreuplotted in Pig. 14.

»The.dispersion.term.is‘the sum of the radial and axial‘disperéion

contributions;.‘The Peclet numbers for each give the relation between

the;vélocity and the appropriate.diépersion'coefficient.

ud
.. Pe o=
axial DA
Ud N . :

Peradiai = D
i

Radial dispersion for complexed species and free ions occurs as

" a result of convective. flow (in the 2; direction), and for free ions as

a result of electrophoretic flow (in the E; direction). The latter,

hdwever,'will generally be small COmpared to the axial dispersion in this

: direction for both species (resultlng from convective flow) and will be

eneglected The net dlsper31on'for each'meChanlsm'resulting from convective

flow, shown in Fig. 15, is given by
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Fig. 15. Radial and axial dispersion resulting from convective flow..
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D, cos 6 + D, sin 6

P =Dy A
1o L - oy
=-—=U d cos 8 +2U0 4 sin 6 . : (32)
12 "¢ p c P v _

whefé 8 is the éngléfbetweén the transifiqn path in the unit and the
coordinate in the'direCfién of cqnﬁeétivé flow. In the unit- this angie
is given b&;tgnfe ='(Ue/Uc) S/(s+1).

The tranéformation relation, Eq. (24),lgives the dependence of
the overlap distance h on the dispefsipn term,‘the ratio of excess free
iong to complex, thé’equilibriﬁm parametér (through £), and the migration
felqcity perpepdicﬁlar pq the interface. The velocity in the direction

perpendicular to the transition can be expressed in terms of the electro-

phdretic velocity
Up'= Ugcos 6";.: - o | ' (33)
Substituting Eq. (32) and (33) into (24), and simplifying, yields

L U us |
lQUe'/UC'."*‘ 2‘ S+1 ] . . (3)4)

= | Ag(s+1) [

o |E

Figufe;lh_and‘Eq. (34) are used to calculate overlap distances
between zones of pure components.

- Equation (3%4) can be minimized with respect to (Ue/Uc) to give

U 1/2

e S+1 B S ' . |
.ﬁ;' = (7 P . v o . (35)

min
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Figure 16 shows 'Ah/dp plofted as a function of r and S for -

<Ue/Uc)min

values. Optimum operating conditions (in terms of minimum
oveflap distance). are found in the fangé 0.2 <s 421;0. ~This éorresponds

values from 0.5 (at 8= 0.2) to 0.29 (at § = 1). This gives™

to (Qe/Uc)min

a éonvective velociﬁy'twé to threevtimes_fheveieétrophoretic velocity.

' Apm paratus.

General Descriptioh

The "iigand" elgctroéhromatograph and ifs auxiliary components
are shown in Fig; 17. Figuréﬁngié a SChemaiic.floﬁ shéeet for this unit.
?igure 19 ié a schematié draying of the central unif.

Aé shown in:Fig. 18; six different solutioﬁs potentially can be
fed fo &afiéus pérté of fﬁe cehﬁrai unit. Retéiner—comﬁlex solutién and
feed;compiex solutibn éan.Be fed tovihelﬁbp éna of the packed bed. -Féed,
chaéer, and waéh soiutioné Cén Be‘fed‘tﬁféughvménuaily opérated cqnstant—.
disblacement pumbs into the Vario@s side compartments. The separating-
systeﬁ output consisfs of four streams emerging from the unit via offtake
grooveé at the bottom of the packed bed, and exit streams from each of
the side compartments thrbugh the previously mentioned pumps. .Independently
electrolyte is fed into,'and out of, each electroae chamber.

‘The solutions fed to the top of the packed bed are kept at SQ~60°C
to minimize their dissolved-air content, and are cooléd to.rOOm températuie
by a water jagket immediately-before they enter the bed. .Prior to opéfa;'
ﬁibﬁ,_the solutions\aré degased ﬂy épplying a vacuum until the‘iiquid
boils; then st&roféam floéts are placed on top of the liquid to hindef

re-absorption of air.
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| Fig. 16. Overlap distance as a funetion of r and s for

-  V' (Ue/UC)min ;’[(S+1)/2hs]
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Fig. 17. "Ligand" electrochromatograph and its auxiliary components.
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A set of on-off valves makes it possible to vary the number of
inlet lines containing retainer-complex solution and feed-complex solu-
tion. The flowrate of each inlet stream is metered by a Fischer and Porter
Predictability flowmeter #36-541-07 and a Fischer and Porter glass-and-
Teflon needle valve,

For the case where only retainer-complex solution is fed to the
bed, feed solution can also be fed to any number of compartments on the
anode side. Chaser solution is fed to the remaining compartments on that
side. Wash solution is fed to all the compartments on the cathode side
of the bed.

The electrolyte solution for the two electrode compartments is
contained in the degasifier unit. Cooling coils maintain the solution
temperature at room temperature. The electrolyte stream passes through
a centrifugal pump and is split into two. The streams are each sent
through a Schutte & Koerting purge meter #58-G-056-M-1 and introduced one
to each electrode compartment. The streams leave the electrode compart-
ments at the top, and flow to the top of the degasifier; there they are
stripped of H2 by aeration and are then recombined in a container beneath
the degasifier column.

Power for the central unit is provided by a silicon rectifier
(model #S-100-50 from Rapid Electric Co.), capable of providing 100 amperes

at a constant voltage up to 50 volts.

Electrochromatograph Unit

The unit consists of a sandwich assembly of Lucite-block sections

clamped between 1/2 in. aluminum plates. The sandwich consists of two
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long rectangular-block spacers serving as the sides for the central cham-
ber, with palrs of sections housing the side compartments and the electrode
compartment placed symmetrically asbove and below the central chamber.
Lucite end plates are placed at each end of the unit and attached to the
aluminum frame. A schematic drawing of the primary unit is shown in Fig.
19. Figure 20 is an end view of this sandwich construction, with the out-
let end plate removed, which shows the central chamber and the slotted

feed or offtake segments. TFigure 21 is an exploded cross-sectional draw-
ing of the unit. An ion-exchange membrane is placed between each electrode

compartment sheet and side compartment sheet.

Electrode-Compartment Section

Figure 22 shows the electrode-compartment section and the elec-
trode. The electrode (10 cm X 40 em in extent) consists of a sheet of
graphite 1/4 in. thick bolted to a sheet of copper 1/16 in. thick, with
a 1/4-in.-diameter copper rod soldered to the center of the copper plate.
Insulating epoxy resin is applied to all the copper not touching the
graphite, so that only the graphite can make contact with the solution.
Figure 23 is a photograph, and Fig. 24 s scale drawing, of the assembled
electrode-compartment section. Spacers, supported in grooves above the
electrode, line up with corresponding supports on the side-compartment
section and thus provide support for the ion-exchange membrane which lies
between the two sections. Clearance between the spacers and the electrode,
along with 1/8 in. perforations through the spacers, allow readily for
electrolyte flow lengthwise through the electrode compartment. This elec-

trolyte enters and leaves at opposite ends of the compartment through
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Fig. 20. View of central chamber of electrochromatograph unit,
with one end plate removed.
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or to

Fig. 22. Electrode and electrode—compartment gection pri
agsembly -
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Fig. 23. Electrode and electrode-compartment section in assembled form.
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1/4 in, 0.D. polyethylene tubing epoxied into 1/b-in. access holes. A
1/2-in. port giving access to the central packed bed is located along the
centerline 2.5 ecm from the top end. Guide holes, 1/4 in. in diameter,

for unit assembly are located at each corner, 2 cm from each side.

Side-Compartment Section

This section, drawn to scale in Fig. 25, consists of a flat rec-
tangular Lucite block (20 x 49 x 1.5 em) with 10 rectangular openings
(the side compartments). The opening st each end is 10 X 3.68 cm, the
remaining eight being each 10 X 3.33 cm. The whole central section of
the block (11 X L1 em, contained inside the dotted line), which contains
these openings, is milled down 0.5 cm. A siliceous diaphragm (Filtros
Electrolytic-35, 11 x 41 X 0.318 cm) is glued with epoxy resin into the
milled-out space. Each of the two opposite narrow sides has 20 1/k in.
access ports; so that four ports, two on each side, connect to each com-
partment. Two of these ports (one on each side) are fitted with 1/L-in.
polyethylene tubes opening into the compartment and epoxied into place;
these tubes, connected to a positive-displacement pump, are used to
exchange the liquid in the compartment. An intact 1/4-in. 0.D. poly-
ethylene tube, epoxied into place, crosses each compartment between the
remaining two ports; these tubes are joined together in series to serve
ag a cooling line through which tap water is circulated. Guide holes
(1/4-in.) are located at the four corners. A 1/2-in. access port at one

end (with a similar one for the electrode compartment sheet) allows access

to the bed. The bed can be packed using a slurry, or unpacked with a

vacuum line via this port. Figure 26 shows the open side~compartment
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Fig. 26. Side-compartment section viewed from the outside.



~Iho- UCRL-19526

section as viewed from the outside; the second side-compartment section
can be seen below the main bed. TFigure 2T shows one such section in place,
from the inside, with the diaphragm covering the compartments. The con-

tinuous tubing connected to all the compartments is the cooling line.

Bed Spacers

These are two rectangular Lucite blocks, each 5 X L x 49 cm (see
Figs. 21 and 26), which become the containing outer walls for the main
bed. ‘Grooves for a 3/16 x 9/32-in. port gasket are located 1 cm from the
inner edge on the wider face and run the length of the block. One of the
blocks has three temperature-probe holes, 3/16-in. in diameter, at 5 cm,
25 cm, and 45 cm along the centerline of the L-cm face. One-quarter-in.
guide holes for unit assembly are located at two outer corners of each
block. Additional 1/4-in. guide holes (1.5 cm deep) are provided at the
ends, 1.5 cm from the side and 2 cm from the top and bottom, to line up

the end plates.

End Plates

These are made from Lucite blocks 17 X 20 X 4 cm, as shown in
Figs. 28 and 29. Four feed or offtake grooves are provided to handle
the flows to and from the packed bhed; the outer grooves are each 0.85 cm
wide and the inner grooves 0.7 cm wide. These grooves are all 1 cm deep
with a 0.5 cm step at each end. Packing-retainer strips, cut from 1/8-in.
thick Vyon porous polyethylene, are positioned on these steps, in the
grooves, and glued into place by epoxy resin. The process streams enter

or leave these grooves through 1/4-in. polyethylene tubes epoxied into
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Fig. 27. Bedside view of side-compartment section, with bed spacers
in position.
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Fig. 28. End plate for "ligand" electrochromatograph unit.
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1/4-in. holes located alternately 4 and 6 cm from the right end of the

grooves. The outlet (bottom) end plate has additional 3/16-in. thermo-
meter probe holes located alternately 8 and 2 cm from the right end of

the grooves. Two 1/L-in. guide holes for unit assembly are provided

along the center line 1.5 cm from each side.

Constant-Pressure and Displacement Pumps

The pumps were designed to allow for the discontinuous replacement
of the side-compartment solutions without appreciable alteration of the
static pressure in that compartment. The porous ceramic diaphragms used
in the side-compartment sections are known to cause electro-osmotic flows.
By keeping the fluid stagnant in the compartment and allowing an electro-
osmotic pressure to build up instead, the disruptive electro-osmotic flows
can be eliminated.

Figure 30 gives the positive-displacement pump and its accessory
lines and valves. Twenty such units are used, one for each side compart-
ment. The pump consists of a 7.5-in.-long Lucite tube 1.5 in. in 0.D.
and 1.0 in. in I.D., with a 3/8-in. stainless steel rod silver-soldered
to a brass plunger. The liquid on each side of the plunger is connected
(through two three-way valves) either to two lines connected across a
side compartment, or to two elbows connected respectively to wash solu-
tion and to a collection vessel. When the pump is connected to the
compartment, forward movement of the plunger causes the liquid in front
of the plunger (space A) to replace the liquid in the side-compartment,
which in turn moves to fill the volume behind the plunger (space B). The

valves are then switched to connect the pump to the two elbows. As the
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Fig. 30. Constant-pressure and displacement pump and its accessory
lines and valves.
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plunger moves back, the liquid in space B is forced downward into the
collection vessel.

In this manner, wash solution is introduced to the side compart-
ment, and the side-compartment product solution is collected. The distance
the plunger is moved determines the amount of liquid replaced. Up to 65 cc
of liquid (or about twice the volume of each side compartment) may be dis-

placed in this manner.

Offtake System

Uniform flowrates for all four offtake lines are achieved with the
collection system shown in Fig. 31. The four offtake streams first pass
through four on-off valves, then into four 2.5-cm-I.D. 15-cm long test
tubes fitted with bottom drain valves. As intake fluid enters the test
tubes, the drain valves being closed, the liquid level in each test tube
rises; the result is to equalize the flowrates hydrostatically. If the
flow in one stream is initially faster, that fluid level will rise faster;

this pressure-head difference between
the test tubes then slows down the faster flow to the point where all
flows are even. When the test tubes are filled, the drain valves are
opened, and the test tubes drain quickly to the drain-pipe level with

minimum disruption to the column offtake flows.

Temperature Probes

Eight Telethermometer probes #61248-000 (from Van Waters & Rogers)
monitor the temperatures. Seven measure the temperatures in the packed

bed, three at the centerline along the length of the bed and four at the
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Fig. 31. Offtake flow regulating system.
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offtake end (one in each offtake groove). -The remaining probe monitors

the temperature of the electrolyte entering the‘eleétrode compartments.

Voltégg Probes

':ff:Two’staiﬁleéénstéél'rods, 6'cmi10ng aﬁdro.l'cm in diameter, are
sealed into noles drilled fhrbﬁgh one of the bed spaceré, 7.5 cmvfrom the
ihiét_Iinevaﬁd'l.éicm_from'éach disphragm; i.e., 1 cm apart. The rods
peﬁefrate‘thévﬁedib;lrcﬁ éna ére:ﬁééd’to measurevthe voltége gradient in
the bed!i In theiside éompartmehtsiadjaceﬁt to the bed probes, stainless
siggi wir?s,;inSerted thréugh the polyethylene feed and outlet lines,
profrude a{féw mm., | | | - |
Membrénés

}> viAni6ﬁ ekch;hgé.ﬁémbfahes-(A«iOO, courfesy‘Sf,Amé}ican Machine‘&

Foundry Co.) are used.

Bed»Packing‘ S
Polystyrene beads (Bio-Beads -X2, 150-200 mesh, supplied by

Bio-Rad) ‘are used as column packing.

r

Appa‘ratu.s As‘sémbly =

| To prepare qach_separatg chumn section for'aésembly, all process
iiﬁes éfe_aftached £Q fh§'sécﬁions. The diéphrégms are epoxied to the
sidé~coﬁpaftment Sgcfions.*'The eléctrodes‘aré élaced in the electrode— 

compartment séction;'and the spacers are put.in place above the electrode

surface (see Fig. 23). The unit is assembled in the horizontal position,

and after assembly, tilted into the vertical operating position.
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_Two sets of _eligmnen£ rods (four each) are_‘us.ed for sandwich
asseﬁﬁiy | Brass.rods 23'eﬁ iong with a diameter ef about 0.23 in. are
used 1nit1ally, to allow qulck assembly Wheﬁ fhe sandwich is togefher,
before the bolts are tlghtened the brass rods are replaced by l/h~1n
diameter stainless steel rods that‘flt snugly into the holes and give
exact alignment;

.Sandwrch aesembiy,-which is best perfermed by two people, is
begun 5y placing anﬁelectrede compartmeﬁf éecfioﬁ on one of the aluminum
suﬁporf ﬁlates,'Endjpuitiné the brass &iigﬁment rods in place. The ion-
exchenéenmembrane, i8 x i?vcﬁ iﬁeeiZe, is taken from its water bath,
excees surface water being removed by w1p1ng with a dry cloth. Care is
teken that tﬁe membrane 1s.never allowed to dry, as thls causes shrlnklng
andvpossible cracking; this_requires that the entire sandwich assembly—
precedﬁre, from the tiﬁe the fireéimembrane is removed from the.bath until
waﬁerﬁcan be.introdueedito ﬁhe elécﬁfdaé chamber ehd the side compartments, -
musf be accomplished:in 10 to 15 minutes. The fresh membrane is placed
upon the electrode-~chamber section. Silastic 892-RTV adhesive sealant
is applied to the 1 cm exposed strip of Lucite around the membrane (the
block is 20 x L9 cm). A side—compertment section is placed over the
membrane. The two bed spacers fitted with port gaekeﬁs are put into
place. Next the other Sidefeemﬁartment seetioneie-placed over. the bed
speeers. Thevsecond'membrene 15 put on top,’andvsealantVagain.applied
to.exposed.LuCite; ‘Finally the remaining elecrrode—chamber section,aﬁd;

the aluminum support are. put into place.
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" The temporary brass allgnment‘rods are now removed, and the
stainleSS'steel rods 1nserted in thelr place | The bolts clamping together
the sandw1ch construction are tlghtened, startlng in the mlddle and
alternately tlghtenlng the bolts on each 51de while worklng toward the
ends,' As soon as the. bolts are secured water is. introduced 1nto all the
side compartments and the electrode chambers to wet the membrane. Since
the process.lines are not.yet connected to the constant—displacement pumps,
temporary rubber stopners are fastened to the lines to keep the water in
the compartments. 'Thedunit.is checked diﬁ&ally‘for leaks and for proper
membrane'seetlng.“'lftnater'isﬁleakihg, otheruthan by seepage through‘the
porons diaphragn, the unit is taken'apart and reassembled.

."Oncevthis part of the unlt is successfully assembled, the end
nlates are bolted This is done- by puttlng the port gaskets in place,t
applyinéfSilastlc 892-RTV sealant on each s1de of the port gasket llnlng
Mp - the end plates with the bed spacers by means of two aligning posts, and
boltlng the end plates to the main unit. The main chamber is filled with
water, and the end plates.checked for:leaks.‘ If the unit.is legk-free,
:itrisftilted vertically and placed into'positionf .The lines are then
unstoppered and attached to the support systems.

| A curvedvl/2—ln.eO.D. bolyethylene line, reaching above the top.
of the unlt, is fastened to the l/2—1n. access port " .The column is packed
' by feedlng a slurry into a funnel connected to the t0p of thls curved pipe.
i‘Whlle slurry is- being 1ntroduced at the top, water is allowed to draln
'ffrom the of@take lines._ This gives uniform packing in a relatively short

tine.
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" Once the column is filled with polystyrene beads, the offtake
*lines;and_the access tube are closed. The column is now ready for opera-

" tion..

' ‘Selection of Operating Conditions

General Procedure

”To detérminefoéerating coﬁditioﬁs for a pofential separation,
Fig;JY-is used.. Fromvavaiiébie equilibrium‘data for the feed ions with
‘the ligand to be uéed; modi fied éQuilibrium pérameferé are calculated for
variéﬁs>values of S'(ratidvof.uﬁcoﬁﬁlexed td'cémblexed ions) using Egs.
(8)’and-<13); values of S between 0425'and 1.0 give the minimum overlap
distahcé Eetweenléompoﬁénts. .The feed ﬁosifion is chosen (éither end
féeé,‘Or‘side feed) and the diméﬁsionless values of 2; and E; that juét
givé.sepération are_read‘ffom the_gréph.

. For each trial c@ﬁbiﬁatidn»of 3, Eé; and E;, the céntributing
phgﬁicai variables Zgr Zgs 2oy (or Zco),vand the ratio Ue/UC must now be
found,. For a given appafatus, Ze and Zc are fixed by the o?erall dimen-
sions. The feed distance (either Z.o or'ZCo) is usually set at as large
a vglué as will still give the desgired séparation, in order tb maximize
the production rate. This then sets U;/Uc; so, if either U, or U, is
specified, the othé? one isﬁg?toméficaliy spécified.. Since Uc = ZC/T
can be - . -

, either T or (AE)be

and U_ = (cation mobility) x (AE) 4

bed/Ze
selected. ’
In the preliminary runs on the preseht'unit the residence time

was generally set between 0.5 to 2 hours, and the réquifed bed voltage



| ashs ) UCRL-19526

;calculated. This voltage’was then used to caicuiate tce highest allowable
solution!concentrations that could be used withoutvproducing more thaﬁ
20 tojhOgdegreefteﬁperatUre rise in the bed. |

”i Actual Qﬁeration of the_preseﬁt unit ﬂaé shown that two additional
factofa-must,be taken_ihto acccunt for successful cperation:' electrophox:
retic'migrationdpf the-ligand,"andtthe kinetics of equilibration between

- complexed and uncomplexed species.

Ligand Electrom;gration

In the theoretlcal development complexed ligand has been assumed
to have 2ero electrophoretlc mobillty, and thus to migrate only in the
convectlve dlrectlon as shown in Fig 32a. In general, the mobility of
rare earths complexed with various ligands is:a function of pH;9 ‘An
ﬁisqelectricﬁ'pﬂ can usﬁalij be.fcundvthat will resdlt in a zero electro-
phoretic.moﬁility,; Siﬁée_thie isoelectric.point is not_always the optimum
opefating pH, thé'electfomigration“cf metalaiigaﬁd'coﬁplex must be taken
1nto account | o | |

In prellmlnary 1nvestigatlons EDTA (ethylenewdiaminetetraacetic
acid) was used as the llgand, prlmarily because it has good select1v1ty

between rare earth ions and because its physical and chemical properties

have been investlgated extenslvely ' EDTA has four ionizable anionic groups,

Above. a pH of 2, at least to pH 10, the rare earth—EDTA complex behaves

as an anlonlc sPec1es wlth 8 constant moblllty 9. Below a pH of 2 the
mobllity decreases, _The 1soelectric point occursnclose.to'a pH of 1, and

below this point the complex begins.to behave as a cation.
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 'Tﬁe operating PH is betﬁeen 2 and 5. -Beldwlafoundva 2.5, gfadual
precipitétioh of.uncémblexed‘EbTA-becomes_avprdblem. At pH ﬁalués greater
than ,:-5,' the rare earth hydroxides begin to pre_cjipita_te._

| The effect of 1iéand eleéﬁrophorétic migrafidn on‘thekligand
'streémiine ié_shown ih Fig, 32b: ;C6mpleXed iigaﬁd:énters at the feed eﬁd,
mbves:at én aﬁgle acréss‘the unit, and leavesipartially at the exit end
- and partialiy at the side. Such a situation has two adverse consequences:

| "1) Né separéiién oécﬁfé iﬁ the ligand—ffee region of the.bed. This
can result in incomplete.éeparation of the ion mixture;
|  2) Overiap fegiéns bétween ioneé wili tend to diffuse and brqadgn
invtﬁé”ligand—free part éf the béd. Selffsharpening between zones oceurs
only:iﬂ the pfesénéé.ofiiiggnd. .

. These effects caﬁ Bé.o§ercéﬁe b&.intréducing ligaﬁd to £he béd
from the side compaftments"in‘additioﬁ'fo the entrance end. The stréah_
linés for ﬁhisICaée éfé showh'in Figf 32&; .Oﬁerating in this manﬂer has
the adv'axitage‘éx}er" operating with zero iigé,na"'mobility, in that it
increéses the effective elecfrophoretic separation distance without
increasing the gize of the apparatus.  Rare earth ions migrating through
a given disﬁance in the eléétrophofetic difection pass through more com-
plexingbagent; because the_iigand ié migratiﬁg in the other direction,
and:aré consequéntly éepaiatedviﬁ a éhértef distance.

. Buch an inérg&se in the éfféctife‘electr@phofetic d;stanCe pars-
meter may make itvpossible tq,feedfover therentiré.entrahée—énd:cfééséi,
section (and still_v'gét"tvhé desired sepz;rati‘ér’;).. The qualitative effect

of ligand migraﬁion‘onvthé design graph (Fig. T) is indicated by Fig. 33.



Cige. o ' UCRL~19526

o
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c)  Ligend introduced at entrance. end and side;
 finite ligand electrophoretic mobility.

Fig. 32. Ligand streamlines.
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&

b) Effeet of ligand electrbﬁigratiOh

‘Fig;‘33y Efféct50f1ligﬁndféléctfomigr&tion on’the;dééign'graph.
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':Figure 33& shows the iﬂtersection point Pvfor sépération~and the column

bbundéries (in dashed lines), when there is no.electromigrétion of ligand.
Ligéhd migraﬁién'has the effect of tilting the célumn sides upward on the
' design‘gfaph,'aé;shown in Fig. 33b. . Thus coﬁpléteAseparationzis achieved

in a-coluﬁn with feed being fed to the'entire'eﬂtrance end.

Reaction Kinetics =

'Thevdesiéh théofj.assumes.thaf thé exchange reaction for a rare
earth ion wiﬁh”a séﬁoﬁd.édﬁpleied‘rare earthfié ihstén%aneous; Although
' the;ek¢hangé reacfioﬁ forAdivalént éatibnsISuch aé fe++ is almost instan-

10 +++

tanepﬁs,vit is;knOWh ‘fhat ﬁhe exchange for:the‘trivalent cation Fe
is vefy éiow.(thoﬁrélfor SO%Iexchénée é£ a>bH of;l)...For.the rare éarths,_
theTr;fé oficompiéx:fofhation with:EDTA is:almost instantaneous, but decom-
plgxingﬂmay be-rﬁthér glowf VEQuilibrium studies to determine rare.earth—
EDTA sﬁability constanté'using binary'mixturesbof.fare earths are ruﬁ for -

‘up to 2L hours in.order to assure complete solution eqﬁilibrium.ll

In this study opefation at low feed concentrations (lOfB.M in
rare_éarth) and low temperature (20°C)’resultedfin véry little separation.
Atfempts ﬁo“speed'ﬁp’thé kiﬁétics by iﬁbréased-ébﬁéentratioﬁs (to v ILO_.2 M
in ?arg'eafth, which may of‘gay not have an effect),-increased temperatures

~{up to 60°C in the bed); and low pHs (between 2 and 3) resulted in more

satisfactory resultsy,‘

‘

Temperature Rise in the.Bed
The theoretical treatment for the témperature*risé giveﬁ'éboiéif"“

'assﬁﬁés a.rectangular packed bed with'c001iﬁgfat the two (equipotential)
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bed walls; In the preeentfuuif'the packed oed ie separated from the
cooled’elecﬁrode'chahoers bv'ﬁhe additional slde5COmpartﬁent sections,
each of which is partiallyvcooled by a coolant_line running'through it.
The éistance'from the eenter}of the Bed‘to.the coolant lines is gbout-
2.5 em; to the membrane, 3.5'cﬁ. As a measu?e for desigh purposes, 3.0 cm
can be takeu as tﬁe effectlve_distanCe from the centef of the bed to a
cooling surface foﬁ determining limiting concentrations, with the fufther
asauupuion that fhé total‘voltagevat tﬁe_electrode-abplies across this
2lxo3'= 6'cm hypothetical-bed. The problemvarises_that only the voltage
’drop across the bed requlred for separatlon 1is predlcted from the de51gn
theory, but the total voltage across the bed plus the adgacent compart-
ments,'dlaphragms, and membranes enters into the temperature rise pre-
diotions. Generally‘about.SO% of the aﬁplied'voltage will be across the
bea, although this percentagé'will.vary soﬁewhat with solution concen-
trations in the various compartments;“

In atﬁempting.to speed up the kiﬁetios'by using higher concen-
trafions aﬁd hiéher_voltages that will fesult»io bed'temperaeures up to
60°C, difficulties can-arise;-iOne difficulty is that the temperature
rise is not uniform-axially. _Each change in voltage and in temperature
profile requires adjustment of the flow rate; also, the total available
voltage is llmlted. If the concentration is sllghtly too high, or 1f the -
fractlon of the total voltage that is dlsslpated across the bed changes,
requiring a higher voltage, the temperature rise becomes too large and
the’bed dries out locally. When this happens, channelllng occurs, the
oveflap distanCe'tepds-to spread across.the entire bed, A frequent repack—

ing of the bed appears the only way to overcome this difficulty.
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Expérimental Runs -

'ﬂ»’Preliminary runs on the ligand elécﬁroéhromatograph were performed

using,feedbmixture [ﬁa(N03)3‘and Cé(N03)3]; complexing agent [(EDTA)Naz],

chaséf'ion [Cﬁ(NO3)2], and wash solution (NaNO3)}' Solutions were analyzed
by X-ray fluorescénce analysis for La , Ce- +, and. Cu . The procedure
' . 12,13,14 '

has beég previously‘repofted. Feéd mikture was infroduced with
tﬁe 1igaﬁd AVer‘the-ehtife ent?anéé eﬁd of'the bed. Cﬁaser ion was fed

' té ﬁhevbea from &ll fhe side comp;rtments on-the énode éide; wash soiu4‘
'tiéﬁ'was infrodﬁced.to allvsiaé cdmpartments.on'the cathode side.

| When no retainer isaused, only a zone containing the more tightly
' complexed compohent-develops out of'the.mixturé_zoﬁe. This zone will .
appear betﬁééﬁﬂthe:mixﬁﬁrevZone and the chaser ioné. The miiture zone
eméréing frém'ﬁhe ena oflfhé éoluin will havevthe éame concentration ratié
asv£hé feedj'the:hiitufe;éblution will contain bdth'free and coﬁﬁlexed
_rare eéfthé. -Siﬁéé'onlj ﬁnédﬁpieXed ions from the mixture zone can migrate
to the-Sidé éompaftmenﬁg:(cgﬁplexédvspecies Wili migrate in the opposite
direétion); the product:coliecfed_in the éidébcompartments will be rich

in the'less tightly complexed ions.

Results and DiscuSsion

Offtake:patterng fof a break-in run are shown in Fig. 34. - The
polﬁmn-béundarieé for-the conditions.of_£his run are imposed on the theo-
retical design graph and:shown in Fig. 35.‘ This run served mainly to
ché¢k flowiate'stability. No éffect was made to éhange‘cohditions during

thé:fun to give & better separation. Nonetheless the resulting offtake
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‘paiterhé“in Fig. 3hAd6 folldw.the pattérh.prédicté& from Fig. 35. :Figure '
35 predidts éhaéer ion in end offtake gfooves i and 2, énd Cu++‘is found
only_iﬁ.those fwo. Ion pfeferred by the ligand is'expected in grobve 2
aléngv%ith chasér, and mixtufe‘is expéétédvin gr06Ves 3 and h-and in 511
the side}compartments.' Offtéke groo§e 2bis foﬁhd to bevrich in Ce+++,.
the preférred ion. ~The side éomparﬁments,vcbntaiﬁiﬁg the uncompléxed ions
from tﬁe‘mixturé Zdné;:are.fouﬁd to 5; fich,ingthe‘iessvtightly complexed
ion-(iaff+), as exﬁected. _ | | |

The end offféke céncéntrations for the raré éarths'are of the
'séme'ofdef'aé the feed ébncéntrations;ithose for the side cbmpartments
are'fbughly one-half the feed coﬁcentrationé.v These side-compartment
conéentfations.correépond to the ions collected in these compaftments‘:.
dufiné infervals of one_résiaeﬁce time. By exchanging these Side—comﬁart_
mentISOiutions ohly;eVéry'two offfhreé.fésidéhée-timeé, a cérrespondihg
two- or thrée;fdld‘inéreasé in»coﬁéentrafions'éQﬁld'have'been obtained.
Con#erSelYQIMOré_frégﬁeﬁt éaﬁbliﬁé of theéé:ééﬁﬁaftﬁents would result |
in more dilu"ce’iconcentratio_nsT

In the sucéeeding run, column cdnditions_were readjusted early
in" the ruh to‘give’mpre'completé séparation of one component. Figure 36
shows the resulting Offtake patterns. .Figure 37 shows the column boundaries
for this rﬁn supefimbosed'dn'the theofefiéal design graﬁh; almqst pomp}ete
sepafation of Ce+++vis ekpected. 'In‘practice, a§ Fig, 36.shows? a3ﬁéa£ly
compiefé separsation was aéhieved; ﬁoweﬁéf; some.ﬁrailing osza+++ into
groofés.E and 3 did‘occurf .The inlét.coiumnvteﬁperétﬁfe fér:this }uh.was'

26°C;  the maximum temperature reached downstream'was 33°C. It is believed
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that.tfatliné was caueed by_eiow kinetics of:emchange of uncomplexed rare
earth ions with the'complexed epeciee. The sideecompartment solutions,
againxtepresenting the concentfations accumuiatea in one residence time,
show‘higher ratios of La' " to ce™ than in the run in:Fig. 34, This
ie due to the lower matio of uncomplexed to complexed rare earths used in
this run (S = 0.5 instead of 1.0). |
In both runs:reported above (for S = 1.0 and 0.5), the wash
solution fed to the cathode side compartments'contained oniy NaNOB. Con~
sequently the complexed llgand was partlally dlverted away from end off-»
v take groove h for S = 1.0 and partlally away from 3 and 4 for 8 = 0.5 by
its electromlgration. To remedy this 51tuat10n (EDTA)Na was used in
"~ the 31de compartment wash solutlon to help insure the presence of llgand
throughout the bed To keep the flow of llgand into the bed from the
51de compartment steady, frequent exchange of the wash solution in the
stagnant 51de,compartmente was requlred,‘leadlng to 1ower concentrations
of rare earths in.these compartments.
The'next fun used_disodium.EDTA in the side compartment, with

the'effect that sodium aerved_as a retainer ion. Thus, with use of &
low yalue of 8 (aboutA0t25),°it‘was expecteu-that the»cathode side
boundary'of the coiumnk(superimposed‘on the desién.graph) would shift
1nto the pure lanthanum-ion zone, and that complete separatlon of both
components would become theoretlcally p0551ble

| Figure 38 gives the result of this trial. To faise the bed tem--
perature up to about 50°C, so as to help the klnetlcs, higher concen-

tratlons and voltages (up to 6OV) were employed. The subsequent rapid
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increaee’in tempefaturelforcea a reduction in'epplied voltage to 40 volts.
To keeﬁ ﬁhelbed from‘drying oot it was cooled qulckly by halv1ng the
resiqence time. For the resultlng operatlng conditions, the calculated
'coluhn boﬁndafies are drawn on the des1gn graph shown in Fig. 39} whlch
showxhhat sepefation.of'he+++ into the eidelcompaftments is expected.

The results in Fig. 38 bear this out; ce' T s jﬁst beginning to separate
from the mlxture in grooves 1 and ?, while La+++, pure except for a
trace_of.Ce ++, is_obtained in the side compartments. Dut to the low
fractioh'of uncompleied rare earthe (s =:0.25);and since the side-compart;

ment'solutiOn was changed every ten minutes, the concentrations of rare

earths in the side compartment are much lower than the feed concentratlons.

In all three runs.reported here," the trans1tlons between rare
earfhe and chaser'lon are falrly sharp.' The overlap distance in all
caees is roughly 1 cm, somewhat more than the 0.5 cm predicted. Slow
klnetlcs of exchange, or partlal drylng of the bed resultlng in chan-’

nelllng, could account for thls.

Recommended Future Work

The-further study needed can bevprojected along three theoretical
and six eXperimentel lines. |

1) Extend1design.preaictione for'separation.to.more than two
components. | | R

. 2) lncorporatelmetel;ligend_complex mobility (for anionic and

foh'cationic migration) into the design graph. It may be possible to com-

bihe the two alternate feed positions (end and side) by use of a
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comp051£e algebraic term. This wouldvthen result in only one set of
péraméﬁerévand onéyéeﬁ.bf feed ffactidns inifhe designfgraph}
| 3) Iﬁvestigété.médifications to or édjuéﬁmenté of the equilibrium

vtﬁeor&;.ﬁo éccoﬁnt-fof.possiﬁle éloﬁ kinetic#_ahd subsequent lack of
equilibrium at each point in the column.

:vh) Ihvesﬁigate oﬁhgr ligands such as HﬁbTA and DPTA in regérd to
seleétivity aﬁdiréactioh'fétes. |

, 5) Iﬁﬁestigaﬁe other packing matefials sﬁch as glass beads. The
polyéf&réne %eads used’téﬁds to dry.dutfas the‘temperature rises, aﬁd'ﬁo
'Clum§€'i-' '

-~ 6) Incorporate‘additional voltage probes-éo as.to measﬁre voltage-
| grédiéﬁt'unifcrmity alohg'thé entire length. Locél changes in gradient
woﬁid{frovide”iﬁmédi;te e&idence of drying-out or other operational dif-

ficulties.

'7)-Searth for othér possible anion-exchange membranes with reduced

‘tendency to shrink or créck upoﬁ drying.

| 8) Investigéte.alternate diaphragm_materials, possibly of_sénd—
wich,constructién, to provide eqﬁivalent physical strength with highér
permesbility. | |

9) Investigatg the‘steady—state‘béundary sharpening (or width

-Qf bverlab zone), aS-betweén two initially separated feeds, in relation
,%b meﬁal—ligahdfratid,'ligand selecfivity; mobility‘of complexed species,
“anéjdifférences in mdbiiitjrof the ﬁncomplexed_metal ions (for example,

“between ions of different valence).

.
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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 person 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 process disclosed in this report may not in-
fringe privately owned rights; or

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.

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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