
SUMIVf4RY 

.. : A very-high-e&ie&y liquid-liquid chroniatogaphic (LLC) system based 011 
S-- and-20-~m diameter‘ porous silica microspheres was used to effect radiochemical 
sepmtions of tie&xl ions && required very k.rge decontamination factors and/or 
high speeds. The stationary phase was 25-30% (w/w) of di(2ethylhexyl) otihophos- 
phobic- acid ,@EDEHP) & dodecane. Nitric acid was used as .tie mobile phase. The 
mass tksfer coek?kient term, C, wgs determined from height equivalent to a theoret- 
ical plate YL interstitial linear velocity d&a for the elutibn of Ca’+ and compared 
with values &iculated from the interfacial mass tksfkr coeliicients measured in the 
correspond& iiqtid-liquid extraction system. The HDEHP high-e&iciency LLC sys- 
tem was a&o Investigated for possible use in enriching the naturally occurring isotopes 
of calcium. Isotopic exchange constants for 4oCa or 4tCa and +Ta were measured 
chrom&ogAphicaUy as a fm~ction oftetipkature. The enrichment of c&&m isotopes 
was attempted on coupkdcofumns at low Bow vefocitks. 

Il4iODUCFION 

Liquid-iiquid~chromatogxaphy (LLC) applied to the separation of metal ions 
a&es selective organic extractants as the stationary phase and aqueous sol&ions as 
the mobile phase. This form of LLC, which is frequently referred to as extraction 
chromatography, differs considerably fron the partition- chromatography xwkn&y 
gxrrkd ~tiizt on‘ orgmiic compotids. The differeences a&e beczmse in the extraction of 
ti@ iotis; either-by LLC or liquid-liquid extraction (LLE), an itititiy ionic solute 
IS tisfezred .from an aqrreous to ati or&nic p&se, in dich .it is px-escnt as so&e 
type of 6eutrae complex. .?s typk of re2ictiop involves rather_compIex interactions 
and iarge chemicai changes; On t&e other hand, thk ustiak &de of partition chroma- 
topphy involves r&he?. wea& interacti& arrd associarions and, therefore, &tie if 
any cheknical .&an.&. 

LIZ :is particularly adva&@o& :for radiochemical septitions bee&se it 
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combines the selective characteristics of the organic compounds used in LLE with the 
resolution fe2tures of the chrom2togr2phic proceess. The most r?seful, and therefore 
the most popular, stationary phases for radiochemical LLC separations are the di- 
a&y1 and trialkyl esters of phosphoric acid and the tertiary and qnaternary ammo- 
nium s2bs. These extractants show iarge sdectivities for 2 wide variety of metal ions 
and have, in general, favorable kinetic properties. Cohmm efficiencies in radio- 

chemical LLC separations, although somewhat low initialIyl, have been improved 
greatly during the hrst few years owing to the use of smaller and more uuiform practicle 
size supports, to improved pa&&g techniques, 2nd to the use of the new chromate- 
gr2phic supports now available2-5. 

Recent work by three of us6 describes a very-high-ctliciency radiochemical 
separation system based on the use of ‘5pm-diameter porous silica microspheres 
(PSM) as the inert support. The well characterized extractant di(2-ethylhexyl) ortho- 
phosphoric acid (HDEHP) in dodecane was used as the stationary phase. This paper 
describes a continuation of these studies using the same high-egieiency LLC system. 
The objectives in this investigation are threefold: First, to determine the appiicabihty 
of interfacial transfer coefficients measured in an LLE system for calculating the 
chromatographic mass transfer term, C, in the corresponding high-ef?kiency LLC 
system; second, to apply the high-ef&ziency LLC system based on PSlM support to 
several important radiochemical separation problems; and third, to extend high- 
efficiency LLC to the problem of enriching naturally occurring stnble isotopes_ The 
natur2Iiy occurring isotopes of calcium were selected for the latter study because of 
the excellent column performance obtainable for the ehrtion of CV’. Enriched %a, 
%a, and 48Ca are also of some interest as non-radioactive tracers. 

Cohmn material 

The porous silica microspherical supports Zorbax-SIL @-pm particle size) and 
Spherisorb S2OW (20-,um particle size) were obtained from DuPont Instrument 
Products Division (Wlmin~on, Del., U.S.A.) and Spectra-Physics, Autolab Division 
(Santa Clara, G&f., U.S.A.), respectively. These snpports were made hydrophobic, 
coated with stationary phase, 2nd wetted prior to slurry packing using the procedures 
described previously5. 

Reagents, radioactive and stable isotopes 

AI1 acid solutions were prepared using Ultrex-grade acids (3. T. Baker, 
Phil_!ipsburg, NJ., U.S.A.) and ultra-pure wzter obtained from a MiHi-Q2 system 
water purifier (Millipore Corp., Redford, Mass., U.S.A.). 

The sources and purifications of aU radioactive materiak were described 
previously’. The stabfe caicium isotopes, ;%a, GCa, and sC2, with isotopic purities 
in the range of 95-99 oA were obtained (as carbonates) from the Isoto_Pes Development 
Center, Oak Ridge National Laboratory (Oak Ridge, Term., U.S.A.). 

Apparatrrs cud columns for rdiochemicd experiments 

The LLC apparatus, column packing procedure, and column rm techniques 
used for the high-efkiency radiochemiczd separations were described in a previous 



papep. In this equipment !iquid contacts only glass and PTFE; thus hydrohak acids 
as well t-3 nitric acid can be used as eluents. The system will withstand a maximum 
pressure of 508 p.s.i. 

Apparatus for isotope sepamtion experipnenfs 
The isotope separation experiments were carried out using both the tow- 

pressure glasA?TFE system referred to above and a Spectra-Physics Model 35oOB 
high-pressure liquid chromatograph (Spectra-Physics, ,4utolab Division), which was 
equipped with steel columns and a high-pressure loop injection valve. Liquid contacts 
only 316 stainless steel. Columns were 25 and 50 cm in length and 3 mm in internal 
diameter and were fitted with a Kel-F bed support containing a 2-,~m stainless-steel 
kit. A I-pm Nudepore membrane fiber was placed over the bed support at the 
bottom of the column.. All sta.inkss-steel end Wings (Swagelok) had minimum dead 
volume and clean flow-through patterns. ThermostHing of columns was achieved 
using a Spectra-Physics Type SSJ jacket and a constant-temperature circulator 
(Haake, Rochelle Park, NJ., U.S.A.). A U-Cool auxiliary cooling system (NesIab, 
Portsmouth, NH., U.S.A.) in series with a Ha&e circulator was used to achieve 
thertnostating at 9-W. 

All cohnnns were high-pressure slurry packed using a 15 cm x 10 mm I.D. 
steeI cohnnn as a packing reservoir. Non-ag:gregated dispersions of column material 
in 0.1 ai nitric acid were prepared as described previousIy6_ After packing, a I-,~m 
Nuclepore membrane filter was placed over the top of the bed. The cohnnn was 
then sealed using an end fitting containing a K&F bed support with the frit removed. 
Columns were coupled together using a bin. length of (X019-in.-LD. tubing with 
Swagelok end fittings. 

Isotopic separation factor mea.wrenzenLv 
Separation factors, Q, (defined as the ratio of the heavy to light isotope in the 

organic phase divided by the ratio of the heavy to light isotope in the sohrtion phase) 
were determined using the equation of GlueckarrfB: 

where R is the local isotopic enrichment at point v of the elution curve, N is the 
number of theoretical plates, E = a - 2, and B is the peak maximum of the ehrtion 
curve. (The focal enrichment, R, is de&r& as the ratio of the heavy to right isotope 
in the eluate fraction v divided by the ratio of the heavy to light isotope in the feed.) 

Column runs performed for the purpose of measuring a were usu&y carried 
out using 25cm-long MB-3 glass columns and the low-pressure (5QO p.s.i.) LLC 
system6. A mixture of 4Ta (or 4aCa) and &Ca, in one-to-one ratio and totailing ap- 
proximately 5-IOpg, and ca. 1@-106 cpm of “‘Ca was loaded on a ci&mm from CQ_ 
100-200p1 of 10-j IU nitric acid. After loading, the cohnnn was eIuted with 0.044 M 
nitric acid (capacity ratio, k’ = 6) and the drop number of eluate was counted elec- 
tronicaliy. The cakium elution band was collected in fractions consisting of single 
drops on &an stainless-steel plates (lS/l6 in. in diameter and 0.003 in. thkk). After 
evaporating the drops to dryness under a heat lamp, the plates were counted for %a 



using 8 proportional end-window bet2 counter with an autom_atic stiple changer 
and a printer. The number of theoretical p&&es was caIcuMed from the ktotred efution 
Curve’. Individual fractions of the c&&m elutlon band were selected for mass 
spectrometric 2nalysis. The calciuti in these fractions ~2s recovered from the 
stainless-steel pIates by ieaching with IQ-20,4 of 10-” M nitric acid and tr+sferring 
the rem2ining solution into a 4W-$ Eppendorf micro test tube (Bio-Rad- Labs., 
Richmond, alif., hr’.S.A.). This procedure was repeated to improve recovery of the 
residue. A Rainin digital Pipetman with disposable polypropylene pipet tips (Rainin, 
Bostcn, l&ss., U.S.A.) was used to transfer acid 2nd Itztched samples. The disposable 
pipet tips 2nd micro test tubes were thoroughly cleaned by soaking overnight in 0.1 
M nitric acid followed by muftiple rinsings with ultra-pure water. Mass spectrometric 
analysis was performed directly on the leached solutions, which contained ‘Jze re- 
covered calcium isotopes in 1!F3 M nitric acid, and on 2 sample of the fed solution. 

Since these experiments involved very minute quantities of the heavy calcium 
isotope, ?z, the&were considerable problems in obtaining accurate a-/a& rztios 
owing to adventitious contznination of samples with natural calcium. Although some 
very good data were obtkned on the Q: for f8Ca/joCa, better data were obtained using 
a mixture of 4*Ca and &Ca since both of these isotopes lmve abundances of less than 
1% in natural calcium. 

T.sotopic enrickment experiments 

Column runs performed for the purpose of enriching *Ca were carried out 
using the Spectra-I?hysies high-pressure liquid chromatograph with steelcolumns. The 
procedure was essentially the same 2s th2t used to measure Q. Radioactive calcium 
(“Ca) was always used to detect the 404Ca band. Eluate fractions were recovered 
and assayed radiometrkxhy and mass spectrometricalIy using the same procedure as 
described Above. 

AIi high-efiiciency LLC systems require rapid interfacial mass transfer of a 
solute between the mobile and stationary phasesg. In order to investig2te further the 
magnitude of de mass tr2nsfer term in LLC 2nd to elucidate the extraction mecha- 
nism, Vandegrift and I30rwitz~~ measured the interf’c~! transfer coefficients of Ca” 
in the LLE system, dilute nitric acid-IIDEIIP in dodecane. The inte_&kciid transfer 
oxfIicients, which were measured across a quiescent interface, are defined by the fol- 
lowing equation: 

where the term on the left is the rate of decrease of-solute in the organic phase (in 
moksTm-3*sec-1 ), AI is the interf2cid are2 (in cmz), v,,p is the volume of organic 
ph.zse (in cm3), k,, 2nd k,, ue i& interfacial transfer coef=ucients (in cmlsec) for mass 
trxnst’er Km the organic to aqueous phase and aqueous to orgznic phase, res_nec- 
tively, 2nd c,,, and c,= 2re the contentr2tibn.s (in mok.s/cm3) of solute in the organic 



and-aqueous phases, respectively. The terms k,, and k,, are EEO~ siinple cunstards but 
are compiica~ed fuuctions of the various individual r&e processes. 

Based on extensive k,, and k, data as functions of it variety of experimental 
conditions, the foliowing mechanism &IF the- ELE of Ca” by MDEHP was 
postiatedlQ: - 

k-, 
Ca(DEHP& f 2 (HDEHPL,,,, z Ca(DEHP),*4 (HDEHP),,,,, 

k, 
(4) 

where (as), (I), and (erg) refer to the aqueous phase, interface, and organic phase, 
respectivefy. The negative sign in the rate constants indicates that the cat&urn ion is 
moving away from the interface, either towards the bulk aqueous or bulk organic 
phase; conve_rsely, the positive sign indicates that calcium ion is moving toward the 
interface. The significant feature of this mechanism is that the Cazi first forms a 
neutral interfacial complex with a HDEHP dimer. This interfacial complex then reacts 
with additional HDEHP dimers to form some type of HDEHP solvated species of 
unknown structure. Since MDEHP is more interface active than the Ca(DEHP), 
complex, the extractant molecules involved in the interfacial reaction are replaced by 
bulk extractant (E), thus completing the cycle. 

The relationship between k,, and k,, and the various rate constants in eqns. 3 
and 4 are shown below’*: 

ko, = 
k_, [H’lz-k2 

k_, [H’IZ t k-2 El:,, 

k, El, - k-2 CElk 
k2o = k_l [H’]* f k-2 EEfZ,,, 

Exe K,, which is k,,/k,,, is given then by the foIlowing equation: 

(5) 

(f3 

(7) 

Using the above results, together with interfaciat surface tension measure- 
mentG”, a simpMed picture cam be drawn of the interfacial structure of HDEHP. 
This is shown in Fig. I_ The sign&ant fatme of this figure is that the HDEHP 
dimer in the bulk phase is pa&y opened at tie interface with the hydrophilic portion 
oriented towards and hydrogen bonded to a water layer. The resultant monolayer 
resembles a two-dimensional polymer network of HDEHP molecules hydrogen 
bonded to a s’~ctured water layer. Above the monolayer is a secondary layer of 
HDEHP dimers and a r’ew trimers (in the concentrated haK of the drawing) with their 
hydrophobic portions oriented towards and adjacent to the a&y1 groups of the Grst 
monolayer. The phosphoric acid groups directed -into the water Iayer are the radicals 
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Fig. 1. SimpXkd picture of interface ad bulk organic phase structure. 

th2t are involved in ffie initial stages of dehydration and chel2tion of the calcium ion 
to form 2 neutral interf2ciaI complex. It is probable th2t the formation of a neu’& 
compIex in the intetiace by these HDEHP mokcuks is a necessaq condition for tbe 
rapid m2ss tmnsfer of a given metal ion from ffie aqueous to the organic phase. There- 
fore, the stiace activity of HDEHP 2nd the resultant interf2citi structure is at least 

p&y respons&ie for the favorable kinetic f&&m% of this extractant. 

Assuming tk same interfacial transfer coefkients and rate &nstants that 
were derived and measured for the LLE system 2re also v&id in the corresponding 
LLC system, then the &‘s in the two systems shotid be. the same. Fig. 2 shows the 
KG’s as 2 function of HNO, concentration, as measured by LLE and LLC. Two dif- 
ferent pore size PSM supports were used in the LLC experiments,-namely, com- 
mercial Zorbbax-SIL cont2ining 75-&diameter pores and 2 wide-pore PSM support 
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Fig. 2. Acid dependency of k’ (LLC) and Ka (LLE) Gx the elution and extraction of Ca(i1). 1.5 F 
HDEHP in dodecve is the stationary and organic phases. T = 25”. Liquid loading: (1) 25% (W/W); 
(2) 22% (w/w). Column bed density: (1) 0.67 g/ml; (2) 0.87 g/ml. 

containing 3X!-A-diameter pores. The ratio of the Kd (from LLE) to k’ (from LLC) 
should equal the calculated v,/v,, which is shown in Fig. 2 to be the case for both 
pore sizes. (The vofume of stationary phase, v,, was calculated from its weight percent 
OQ the support, its density (0.854 g/ml), and the column bed density, whereas V~ was 
taken as 0.49 times the bed volume.) In order to apply the interfacial transfer coefiicient 
k,, to a chromatographic system, the ratio of the interfacial area to the volume of 
stationary phase, A&, must be cahxlated. The product k,;AJv, is the first-order 
rate constant, k,, (in xc-'), for the mass transfer of calcium from the stationary to 
the mobile phase (see eqn. 2 and ref. 9). 

Calculation of the interfacial area in the case of a 5,um PSM support was 
accompkhed by two different methods. The first and simplest approach was to cal- 
cukte the ratio of the surtace zrea to the volume of 2 sphere, which is equal to 3/r 
(where r = 2.5 - 10mc cm). Cividing by 0.36 (fraction of the volume of spheres occilpied 
by Liquid) and multiplying by v, (0.20 ml/i mi bed volume) gave the surface area of a 
i-ml column packed with 5-pm-diameter particles. The assumption was then made 

that one half of the surface contains pore openings and that these pores are fihed with 
iiquid which forms a concave hemispherical interface. Using this assumption, AL = 
6.8 - 105 cmz/mi of bed volume and A&, = 3.4- 10’ cm-‘. This value is probably low 

because the pore open&s of Zorbax-SLE do not have a spherical shape as assumed 
in t&e above cakulation but more ctosefy resemble four- asd six-cusped hypocycloids. 
The hypocycloid-shaped pore would in efkt produce 2 larger liquid-liquid interface. 

The second approach is to calculate the surface area of the support remaining 
after Wing the avaiJabIe pore space with liquid. This is estimated to be ca. 5 oT of the 
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350 d/g of total surface art!a (%.E.T.). Assuming that rz. 25 % of the-remaining sur- 
face is liquid interface, AI = 2.2-l@ cm*/mI of bed vofume and ,4& =- I. I - 105 
cm-l. The basis of this assumption is that the surface of Zorbax-SIL is botyroidd 
lather than smooth, which has the effect of in-a&g the surface area not filled with 
or in contact with liquid. 

The two approaches give approximately similar values, with perhaps the mean 
value of ,4,/v, = 6.1- 10J cm-l as the best approximation. Another value of A&, can 
be obtained usirg the empirical formuIa, SdZ = 750 (ref. P I), where S = the surface 
area per tinit volume in cm-l and 2 = the screen opening in cm required to pass 80 % 
of the particles (ttken as 5 - IO-’ cm in this case). Using the same refinements and as- 
sumptions as in the tist calculation, Al/v, = 9.3. lW cm-‘, which is well within a 
factor of two of the calculated mean value. 

The k,, values used in the calculation bf kSm were determined from the Kd at 
the [II”] of the mobile phase and from k,, values which were corrected to an infinite 
stirring rate. This correction was necessary because it was found in the LEE study’* 
that the exact values of k,, and k,, at a given [I-I+], E], and T(“C) were a function of 

:he stirring rate of the aqueous, but not organic, phase. This phenomenon was ex- 
@ained by postulating the existence of a structured “ice-like” water layer at the 
interface, the thickness of which depends on temperature and stirring rate- The 
justificztion for extrapolating k,, to an infinite stirring rate is that the Iarge increase 
in AJv,,g (>lOd) and the high flow velocities in going from LEE to LLC wouid 
substantially reduce the thickness of the structured water layer. Thus, the conditions 
in LLC at high v (~6 cm/min) would be equivalent to au infinite stirring rate in LEE. 

Table I tabulates the individual interfaciaf transfer coefficients (taken from 
ref. 10) and the first-order rate constants for the LLC system. The high and low 
value of A&, as well as the mean, were used to calculate the ks,. 

Calculated and experimental mass iransfer term, C 
Using the high, low, and mean values of k,, shown in Table I and k’ = 14, 

the mass transfer term, C, was calculated using the equation derived by Giddings from 
the generalized nonequilibrium theoryX : 

2k' 1 

c = (1 f k')Z -K 

TABLE I 

INT?ZRFACIAL TRANSFER COEFFICIENTS AND FIRST-ORDER RATE CONSTANTS 
El&on of Cz” with dilute nitric zcid, f& = 35, v&, = 2.5; 25% (w/w) of 1.5 F HDEEXP in 
dodtxase on 5pm ZorbaxSlL. 

10 0.036 9.8. 1o-c 2.8 - 1o-5 9.5.10%3.1 1.7 
25 0.029 2.7.10-3 7.7 - 10-s 2.6-e 4.7 
50 0.019 6.3 - 1o-3 1-s- lo-4 6.1-20 1-l 

* Taken from ref. 10. 
l = At/v, = 3.4.lo+ to 1.1-105 carL. 

l ** Al/v, = 6.1- lo’cm-I. 



‘his &quation is equivalent to the simple one-site adsorption equation where k,, is 
repIiicid by the desorption rate constzmt. An equzcttion equivalent to eqn. 8 can also 
be used to calculate the mass transfer term: 

where k,, = k,; A&, and v,Iv, = G/k’. 
The exp&mental values of C were determined from the plate height (H) vs. w 

curves shown in Fig. 3. The simple relationship, N = A + C v, where v is the inter- 
stitial linear velociq in cm/set, was used to determine the slope, C, above 5 cm/min. 
(Preliminary studies showed that diffusion in the stationary phase was not a major 
contributor; i.e., < 10 ‘A, to band spreading.) The experimental and calculated mass 
transfer term, C, in milliseconds, is shown in Tabk PI. 

The agreement between the experimental and calculated C term is excellent, 
especiahy in view of the approximations used in calculating AI and the extrapolation 
of k,, to an i&kite stirring rate. These results confirm, to 2 good approximation, 
that the same rate limiting steps in LLE also appIy to LLC, under the right circnm- 
stances of pore size and liquid loading. Additional evidence for the similarity of the 
two systems was obtained by comparing the calculated and experimental H vs. k 
function (OF M vs. acidity, since k’ a I/[H’]‘) at v = 13 cm/min. Both the experi- 
mental and calculated data showed no substantial capacity factor effect since k,, 
decreases as k’ increases. 

These conclusions dither from the results reported by Nolte ef a1.r3, who 

z 
= q. ’ ’ I IllIli I 1irllrIl t I111111 

1.0 101 I02 
faferstifiaf Ftow Vefocity, v. cm/mia 

Fig 3. H YS. Y and h YS. Y at SO, 25, and IO”. EMion of Ca’+ with difute nitric acid from 25 oA (w/w) 
of 1.5 F HDEHP in clod-e ou 5-~m Zorhax-SLL. 
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EXPERIMENTAL AND CALCULATED MASS TRANSFER COEFFICXENT, C 
Elution of Czz* with dilute nhie 2cid. k' = 14; 2.5% (w/w) of 1.5 F KDEHP in dadecane on 5-pm 
ZorbaiT-SIL. 

10 
25 
50 

Ekperimentai 

57 All 
26 & 3 
8.9 & 0.9 

Cakuiated” Cakrdated ’ * 

130-40 73 
43-15 26 
20- 6.3 11 

* Ca!culated A&, lzslge = 3.3-l@ to 1.1-105 cm-‘. 
-- Mean Al/v, = 6.1-10: cm-‘. 

showed that pore diameters less than 300 A in silica gel did influence both the rate 
of mass transfer and the distribution ratio of the europium using HDENP stationary 
phase. Tbe expianation for this disparity may he in the di%erence in the interna 
structure of the 56,um silica gel compared with the S-pm PS_M maCerid; as web as 
in the presence of the large stagnant aqueous phase in 10% (w/w) loaded support. 
?k mass transfer mechanism proposed for CaZ* also differs from that proposed by 
Spht et af.” for Eu3+ using 10% (w/w) HDEIIP on Xi-pm silica gel. In this case, 
we do not fee1 that aqueous phase complexing of metal ions by dissolved HDEHP is 
a significant process. The da’ti in ref. IO for Ca*+ are inconsistent with any aqueous 
phase complexing. 

Applications of the high-ejjfciency LLC system to radiochemical pr0blenz.v 
Although many chzxkistics of the achievement of separation by LC are 

simikr regardless of the type of solute, radiochemical separations usuahy place some- 
what di.fSerent requirements on the chromatograpbic system. Ibis is particukrIy 
true of preparative radiochemical separations, which is the objective in the majority 
of cases. Table III outlines some of the characteristics of LLC radiochemical separa- 
tions. Wdmbers one and two are due to the types of chemical reactions involved as 
described above. Completing and chelation reactions usually show Iarge differences 
in metal ions owing to electronic and molecular structure effects. These same chemical 
reactions are h&ely to be rate limiting and contribute to band spreading. This effect 

TABLE III 

CHARAC-PZRISTICS OF LLC RADIOCHEMICAL SEP_ARA-FIONS 

X0. Parameter Comment 

1 SepE?ration factors usu2uy krrer t_Iun in LLC separations involving 
oiganic ccmpollllds 

2 Cdunn eGiciencie2 Usually Iower(fewer pfates/colum Iength)tlxm LLC 
systems used to resoke orgznic compounds 

3 Szmple size A few atoms to many gaas 
4 Sl=d High sped sometimes required bcc2xse ofshrt 

h&f&~ or to inbimizendhtiqndmzge 

5 lkccnt2min2tion iactors iManyorderjofmagrEtud~eeuusu_~~y,e,g., 

W-W= 
- 



Elation time in seconds 
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Fig_ 4. High-speed sepamtion of -AC and daughter nuciides. Column bed = I cm x 2 mm I.D.; 
T = 50’; v = 17 cm/min. Column material = 30°.Yo (w/w) of 1.5 F HDEHP in dodecane on S-pm 
Zorbur-SfL. 

can be partly obviated by increasing column temperature, as shown in Fig. 3 and 
Table 11. Numbers 3 and 4 require no additional comment. Number 5, ciecontamina- 
tion factors, places the greatest demand on the LLC system. Nuclear properties, such 
as half-life or cross section, differ by many orders of magnitude and frequently one 
part per million or billion (l(Y) of an impurity or product isotope must be separated. 
High-performance chromato,wphy is essential in order to meet these requirements 
etiiciently. 

Three examples of the application of high-performance LLC are given below. 
Each example demonstrates the different requirements that are placed on chromato- 
graphic performance. 

HZ&-s;eecJseparatim of z AC and daughters. Fig. 4 shows the high-speed sepa- 
ration of ‘tsAc and its daughters (in secular equilibrium), “‘Fr, Ln93i, law, and ZDgFb, 
in approximately 1 min. The large number of plates obtainable using the high- 
pefiormance LEC system (200-300 at v = 17 cm/n&), in addition to its large selec- 
tivity, made it possibk to achieve this separation on a l-cm-long column. Using very 
short columns has several advantages, i.e., separation time is less, the nuclides of 
interest are obtained in a smaller volume, and fewer problems are encountered with 
packing and pxconditiouing the colunm. The large separation factors permit the 
sequential elution of the individual nucfides by step chang2ng the acidity, which makes 
the resolution of the mixture even easier. 
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Fig. 5. Purification of 4-l@ atoms of $$gFm (r+ = IO c!ays)using 2 Z-cm-long ca!urm. T= 5OO"; 
25% (w/w) ol' 1.5 F HDEHP in clod- on 5,um Zorixx-SIL. FCV = Free calurm volume. 

FrcrifIation of FzFm. Fig. 5 shows the seoaration of 4. fOS atoms (ea. 1O-15 

moles) of YLFrn from other fransplntonium _&ements and from &ion product 
yttrium. In tkis separation the major emphasis was on resolution atid decontamina- 
tion from ?Zs ad grY and on tke recovery of the s:Frn as zx Weigktiess sample_ 
Speed was not important; *&e&Tore, tke Bow velocity was optimized at CQ. 2 cm/& 
in order to tizxhize the number of plates. A Z-cm-long column gave ca. 1tY plates 
at ‘he above velocity, wkick was st&cient to resohe nof, only Fm from Es tit also 
*Cm, Bk, and Es. Even tke &em&By similzr -pairs, Am-C& -arid CC-Es, were 
~ai-tiaIIy resolved. Tk& decqntaminz&ms of Es and- Y~fro& Fm were &. .1@ and 
%= lOi, respedively. &hougS the peak -to tad of t&e Es &id wis be&x% J&-r@‘, 
superior shaped elution cuties kave keep oktaihed-&th ptkqr Z@%x-~TL supp_$h 
@2e reK Q and witk +ie+oIZ (350 & FSM support. TJie small column sti_.SiM 
iq tie recode* of tke EFm as a weigktfess samfife; and, even tkotigk speed WB no5 
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Fig. 6. Separation of U(W) and (VI) from Pu@lII) o&g a Scm-long column T = 25”; 30% (w/w) 
.of RDEHF in dodecane cm ZO-pm Spherisorb; Y = 2 cm/min. FCV = Free column volume. 

~24easwrement of $~P&.half C@. Fig. 6 shows how high-performance LLC was 
Used -to ~rneas~~% accurate& the %$Pu h&life. by q uantitatively separating and recov- 
ering f99.999.07 of the _q$U daughters in .bdth the tetravalent and hexavalent oxidation 
&&es aft& a @en period of g&v&. The actid measmement was performed on Z g 
of 23gPu &ich was reduced to the. trivalent oxidation state by evaporating to dryness 
.in tqoncent&ed hydrpbroznk acid. Hjdroiodic acid was used as a holding reductant. 
The edumti -‘(8 cm. x 4 mm- I.D.) wti operated under kertoad conditions since 
Pa(IZrf he a k’ -C I in 6 IV [WI. Less phztonium~extracted into the stationary phase 
if cti(~eti.~bu ty I)h dro y q&tone @pKQ) was used as a holding redk3ant in the or- 
panic @&se, BItho@ dec+mination of plz fmti U of 2.105 was achkved on a 
&$e ‘%&inn tith611t using DDBQ. k-period-of abc~t 500 days was altowed for 
-ihe .gr&& is ?$U iti an- iti&@ purified .=sd sample. Uranium was measured by. 
isotopii; @ihz~~q~~am.Iysis .&f&r. the chro&&ogr+phic separation from ph~tonium. 
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Slope = 17.0 5 2.8 (95% CL) 

a = t.0019 -io.o003 (95% CL.) 

2.0 18 16 14 12 IO 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -14 -16 -18 

Fig. 7. Enrichment of “%a and ?a by high-e~cierxy LLC using 30% (W/W) of 1.5 F HDEHP in 
dodecane on 5-‘um Zorbax-SIL. CoIumn length = 25 cm; T = 25”; ,%’ = 6; mobile phase = 0.044 
M nitric acid; v = 2 cm/m& 

The emphasis in this separation was on quantitative removal and recovery of 
a minor component from a major component. Both sepzration factors and column 
efficiency had to be high in order to achieve this requirement, but just zs important 
wzs the minimization of channeling and tailing. This type of high-performance sepa- 
ration can frequently be used indirectly to make very zxcurate nuclear measurements. 

Sable isotope separtztion 
Because of the notable success in separating chemically similar elements using 

very sliort columns, the same high performance LLC system was extended to the prob- 
lem of enriching the stable isotopes of calcium. An emichment plot for the foILowing 
isotopic exchange at 35O is shown in Fig. 7: 

(9 

T&e E vaIue for eqn_ 8 is calculated from the slope of a? linear Ieast-squares 6t of the 
datz in the form shown in Fig. 7. Table IV shows the CE and .s/Anz (Am = the dif- 

TABLE IV 

SEPARATION FACTOR, a, AND E FOR CALCIUM ISOTOPES \WTH T&E LLC SYSTEM, 
HDEHP IN DODECANE-DILUTE NITRIC ACID 

Statioriy phase T (“CJ .sfAm-Iti a (“Ca/‘“Ca) 
(95% co~v&~ce level) (95% corwiakce [eve!) 

HDEH?-dodeczne 10 3.6 & 0-S l.co29 & o.ooo6 
25 2.4 & 0.4 I.~lQ- f o.clOO3 
50 1.5 f 0.2 1.0012 & o_oGO2 

UzxdiIutecI HDEHP 25 1.8 +0.2 . l.OOl4 f o.aOD2 



The E/&Z is significantly Larger &z.n the &ILfm reported for the calcium-lactate 
system determined by ion-exchange chromatography15*1s_ However, the E’S are Still 
approximatePy two to four times too low to achieye a practical chromatogra+ic 
separation. Over HP effective Theoretical plates would be required to give a resolution 
of&S and this is much too dlfiicult to achieve even ECOF the highest-efficiency HDEHP- 
Zorbax columns. It is interesting to note that the heavier isotopes of cdcinm are 
preferentitiy extracted by NDEKP. AaItonerP-~7 found that the heavier isotopes of 
certa~k a&a&e earths and lanthanides are preferentially complexed by a-hydroxy 
carboxyllc acids. 

In spite of the small E, an atEem@ was made to enrich SCa using a fonger 
column. The enrichment of “sCa/mCa using a ‘Scm-long column is shown in Table V. 
The 75-cm-long column was made by coupling a 5O-cm column (number of plates, 
N = ZO,,ooO) and a 25-cm column (N = ZO,OOO). An optimum flow velocity of Y = 2 
cm/n& was selected from the H V.T. v cm-ve shown in Fig. 3. (The H vs. v curve clearly 
shows the futility of trying to achieve greater cohunn efficiency by reducing the ffow 
velocity below I cm/min, as is sometimes done Is, because at these low velocities the 
longitudinal diffusion effect becomes important.) Three different cut points were taken 
in order to show the increase in “Ca enrichment in the latter half of the band. The 
data in Table V do show a definite enrichment of the heavy isotope, although it is 
not sufkient to be of any practical importance. (The enrichment and composition 
data in Table V are the integrated vaiues from the cut point to the last I % of the 
dution band.) 

TABLE V 

ENRICHMENT OF ‘T@‘Cz 

Column feagtb = 75 cm; v = 2 cm/min; k’ = 6 (25”) and 8 (9”); stationary phase, 25 % (w/w) of 
1.5 F HDEHP in dodecane on 5 pm Zorbzx-SIL. 

T rW 

25 
25 
25 
9 
9 
9 

Ezv-icIznzeizt composition (%I - 

1.06 49 51 
1.14 47 53 
X.31 43 57 
1.05 44 51 
1.10 48 52 
1.15 46 54 

Since LL is larger at lower temperatures, an attempt was made to improve the 
4sCa ekchment by eluting the calcium at 9”. However, the data in Table V show 
~essenti&y the same results as obtained at 25”. This may be explained by the 
substantial loss in column efkiency at the lower temperature (owing prima&y to 
slow irtterfzciai~ mass transfer) as shown in ihe K v.s_ v curve in Fig, 3. The low- 

temper2&ti &a indicate that (L at 9” is Z.0024, which is within the experimental 
ekor given in Table IV. Although column efficiency iS highest at 50”, ct is lower, and 
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thus do &b&anti21 adv2nt2ge would be gained’.by elutfng the c$cik@ at-this_ :&I:. 
perzttire. .‘. :. 
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