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Raising the temperature in order to improve the quality of separation has .often ,be”en 
applied in ion exchange chromatography. The rise of temperature .causes the diffusion 
coefficients to increase in the solution as well as in the resin phas?, and accelerates the 
stabilisation of local equilibrium, and hence the h&ght (H> equivalent of the theoreti- 
cal plate diminishes. The smaller H, is, the narrower are the elution curves of the 
separate components of the mixture, and the better the separation. .’ : 

Most of the previous work in which increased, temperatures were applied, viz., in 
chromatography of, rare earths and actinides .OQ cation,, exchange resins. with :Qe. ~:se 
of organic acids as eluants, concerned systems, in .which separatiqn is brought aeout 
by differences in the stability constants,,of .complexes formed by the metal, ions with 
eluant ions and not by differepces in the afKnity of iotis for’ the ion’ exch+nge res’in. 

In sucll sjr?tems the. change of temperature only effects the &bsoltite values .of the 
distribution’ coefficients while the ratio of, the: distribution coeffic&nts, the separation 
factor (0~) remains practically unchanged$a. In this .case, the positive influence, of-.the 
rise of temperature is exclusively con&tied with decreasing the, heights equicalent 
of the theoretical, plate. 1 

.- .,:. 

In systems in which the different rates of migration of the components o%,a mix?, 
ture down ihe column are, due to the differences in the individual affinity.of the ions 
for the ion exchange resin, the change of temperature has a double eff&t : .: i 

(a) the height equivalent of the theoretical plate (H> diminishes with : rise of 
temperature as usual; and : : .:,.,.,- 

(b) tlie values of the distribution coeficients of the individual .ions undergo 
changes in accordance with the values and signsof the enthalpies of the ion exchange 
reaction, and hence the separation factor (a) changes as well. 

This ‘second aspect of the influence of temperature has not yet, been k&&a&d 
in the lit&rature, . .:. 

‘Up to now, it has been tacitly assumed that the exchange reactions’ enthalpies 
are so’ small that changes of temperature cannot be of any great consequeiice- for 
the’course of separation. ,. ..,‘.( .’ .’ : 

However., when dealing with ions wit’h very similar distribution coe&cients, .,even. 
small changes of the separation, factor tail be of great practical importance., The 

.’ 
“For Part III, see n3f.l’. ‘. ,.’ , 
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values of the enthalpies of ion exchange reactions are of the order of’several kca13-7. 
This means that in the universally accessible range of temperature of o-IOO~C the 
value of the distribution coefficient of a given ion can increase (or clecrease) several 
times. At the same time the separation factor of two ions can increase several times 
especially when the enthalpy signs of the two ion eschange reactions are opposite. 
Rise of temperature still has one favourable effect, namely, it decreases the viscosity 
of solutions and’ thus diminishes the hydraulic resist=ance and permits the use, of 
greater’ flow, rates. In previous paper@-11, a new method of separation of rare earths 
on anion exchange resins was discussed which took advantage of differences in the 
affinity of rare earth complexes with ethylenediaminetetraacetic acid (H,Y) to ion 
exchange resin. 

The preliminary esperiments have already proved that a change of temperature 
has a great influence on the separation factor for particular rare earths, and in some 
cases the sequence of elution is even reversed. The detailed results of the investiga- 
tion of the thermodynamics of anion eschange of the rare earth ethylenediamine- 
tetraacetates have been given in another paper?. 

The present publication deals with analytical aspects of the separation of rare 
earths in the’system: Amberlite IRA-L+OO [H,Yz-]-NaaHgY aq. 

The ion exchange resin 
EXPERIMENTAL 

The, strongly basic anion exchange resin Amberlite IRA-400 [Cl-J was ground in a 
ball-mill, sieved and the fraction of particle size c 0.07 mm (zoo mesh) was collected. 
This resin. was further separated into, fractions according to their settling time in 
water: In this way a fraction was collected in which the diameter of more than 95 y0 
of the particles was within the range of 10-35 ,u, as shown by microscopic esamination. 

This ion eschange resin was successively treated in a glass column with a large 
excess ‘of I IV’ NaOH and I iV HCl. After washing with water, the resin was trans- 
forked into ethylenediaminetetraacetate [H,Ys-] form. by passing 02 M disodium- 
ethylenediaminetetraacetate solution (Na,H,Y) clown the column until no chlorides 
could be detected in the effluent. Then ion eschanger was washed with deionized 
water and air dried, 

:: ‘In order to’ determine the eschange capacity a known weight of the resin was 
put in the column; the [H,Yz-] ions were eluted with I M NaCl solution and deter- 
rnined~by titr’ation with a standard solution of magnesium chloride in presence of 
Zriochrorne Black T. The quantity of water in the anion exchange resin was deter- 
mined, by drying at 105 “C constant weight., 
” ,The exchange capacity was found to be Zs = 2.38 mval/g of the dry ion eschange 

resin [H,Yc-J. 
” : The bed density has been previously determined and amounted to & = 0.326 g of 

the dry ion eschange resin [H,Y’-J/ml of the bed, 
.’ 

Reagents 

Disodium-ethylenediaminetetraacetate was prepared from commercial Na,H,Y l 

zH,O.by’ purifying it by the method of BLAEDEL AND KNIGHTIS. Solutions of the 
required concentration ,were prepared by dissolving the appropriate quantity of 
pure Na,H,Y l 2H,O in deionized water. The esact concentration of the solution 

J. ChrontuCog., 14 (1964) 79-9 6 
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was deterrnincd by titrating it with standard solution of magnesium chloride in 
presence of Eriochrome l3lack T. Since in most cases very dilute Na,H,Y solutions 
were used, the density values of pure water given in the literature were applied in 
order to convert molarity into molarity. The pH values of the Na,H,Y aq. solutions 
were within the range of 4.55-4.70, 

RncZioac!ive tracers 

The following radioactiVe tracers were used: 13dCs (half life = 2.2 years) ; r”OLa (half 
life = 40 11) ; l‘%e (half life = 2S5 days) ; ldzPr (half life = 19.2 11) ; 1*7Pm (half life = 
2.6 years) ; l% lFEu (half life = 12.2 years) ; rSoGd (half life = 18.0 11) ; 1ooTb (half 
life = 73.5 days) ; laoHo (half life = 27.3 h) ; r7°Tn~ (half life = 127 days) ; I’?Lu (half 
life = 7.0 days) ; ““SC (half life = 85 days) ; O”J! (half life = 65 11). 

The radioactive tracers 1*4Ce, 147Prn and 15% r64Eu were supplied by Soj uichim- 
Esport, USSR. 

The others were prep ared by irradiatiug the appropriate spectral pure grade of 
asides or chlorides (Johnson Matthey “Specpure”) with neutrons in the Polish’reactor 
EVVA. 

‘; 

The apparatus used here was similar in principle to that described in a previous 
paper?“. The only substantial difference consisted .in using the jacketed columns. 
The temperature was maintained constant within the limits of. --J= 0.40C by.passing 
water from a Hiippler ultrathermostat through the jacket. The internal diameter 
of the actual column was 2.1-2.7 mm. The height of the’iou exchange resin bed was 
altered according to actual needs. 

Procedure 

The column filled with -4mberlite IRA-400 [H,Ya-] was rinsed with several millilitres 
of the’cluant (the Na,H,Y solution of the knownmolarity). When the desired temper- 
ature had been obtained and the column brought to thermal equilibrium the level 
of the liquid in the column was adjusted to the upper level of the resin bed. 

The solution of the radioactive tracers of rare’earths (in MCl) together with a 
small quantity of la4Cs was evaporated to dryness in ‘a glass crucible, then the thee-’ 
retical quantity of Na,H,Y solution necessary to form compleses with all the, rare’ 
earths was added to the crucible which was again evaporated to dryness. The residue 
was dissolved in 75 ,ul of the eluant, and 25 ,ul of this solution were introduced into 
the, column. The total rare earth content in the “load” did not exceed 0.3 y0 of the 
exchange capacity of the ion exchange resin in the column, After the solution has 
passed into the resin bed, the walls of the column were rinsed with two IO ,LL~ portions 
of the eluant. A burette was connected to the column and the flow rate adjusted to. 
about I ml/cme/rn.in. The volume of a drop was determined by noting burette readings 
corresponding to a known number of drops of eluant. The drops previously dried on 
paper were cut out with the aid of a special cutter, placed iu standard plexiglass hold- 
ers, and their activity was measured under identical geometrical conditions with the 
aid of an end-window Geiger-Miiller counter. The elements corresponding to particular 
maxima on the elution curve were identified by determining the half life or the maxi- 
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.n.,. 
mum energy of radiation, or by comparing them with the elution curves obtained for 
si&gle elements under identical conditions. 

The fractional free volume of the ion exchange resin bed, i = v/vb (the ratio of 
the free volume to the bed volume), was determined from the changes of the peak 
position of the 1a4Cs ion, for which the distribution coefficient, A, in the given system is 
equal to 0: 

.i = 
u max3 - u nlasl 
------- # . 

‘UbB -- ‘ubl 

where Umaxz and UrraaxJ are the effluent volumes corresponding to the maxima of the 
caesium peak for the volumes of the ion e&hange resin bed vbz and vbl respectively. 

The fractional free volume thus determined amounts to i = 0.42. 
The method of determining the free volume (formula (2)9 previously applied 

gave results which were distinctly too high. 
Although strongly basic anion exchange resins in the “salt” form are more resist- 

ant to the ,effects of higher temperatures than they are in the hydroxide forml”, the 
ion exchange ‘resin in the column was changed after each experiment where the tem- 
perature exceeded 45°C in order to avoid any complications caused by possible 
degradation of the functional group+. 

RESULTS AND DISCUSSION 

Formuulaiion if fmdamentizl relations 

Previous’ work0,0-11 has shown that in Na,H,Y aq. solution (pH = 4.55 - 4.70) 
practically 106 v0 of all the rare earths appear in the form of their respective monoval- 
ent negative [LnY(H,O) ]- complexes. Under these conditions nearly IOO y. of 
ethylenediaminetetraacetic acid also appears in the form of the H,Ye- anion. The 
ion exchange reaction (with respect to one equivalent) can be expressed as follows: 

-& RpHgY + LnY- = RLnY +, 3 I-12Y”- (1) 

where R’is the cationic part of the anion exchange resin. 
Without taking into consideration the activity coefficients, the equilibrium 

const,ant of the exchange reaction, or the so c,alled “selectivity coefficient”, is given 
by. the, equation : 

k (3 

: 
where ,N is the,mole fraction ‘of the ion in the ion exchange resin and m is molality. 

‘. ,When the separated ions (in this case, the LnY- ions) are-present in trace amounts 
i.k. &QH~y = I, the selectivity ‘coefficient k is related to the weight distribution 
coeffici:ent, A,,(amount per I g of the dry ion exchange resin [H,Y3_j/amount per I ml 
of the s,olution), by the following expressiona: :, 

.I.& 

< ; A 4 
kL”Y;; LnY - ’ wsH3yP- act? 

I-r.2 Y 
_- = --- --- 

G 
(3) 

J. Chromnlog.. 14 (1964) 79-b 
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where a = 
C r= 

bY 

the density of the eluant solution, and 
the concentration of the resin phase in the units of mmol./g of the dry 
ion exchange resin [H3Y2-_3 ; (C, = l/2 Z,). 

The distribution 
the formula : 

coefficient can easily be determined from the elution curvelo 

u mns - ( uo i- T’) = _--___- 
w (4) 

Where Urnax = volume of the eluant at which the concentration of the given ion 
reaches its maximum ; 

uo = dead volume of the column; 
V = free volume of the ion exchange resin bed; and 

mj = mass of the dry ion exchange resin in the column (in grams). 
Since the Cs+ ions do not form any complexes with H4Y and are not retained by 

the anion exchange resin in the ethylenediaminetraacetate formlOB1s; 

ALllY-- 
Urnus(LnY-) - ~nua( Cs+) = ---~,--_i----- 

nzi (5) 

The 1~ values, determined experimentally for several temperatures, can be use to com- 
pute the respective changes of free energy (A G), enthalpy (d N) and entropy (A S). 
Strictly speaking the thermodynamic functions so obtained are partial molal values for 
.2&y- s o (.YL~Y- is the equivalent fraction of the LnY - ion in the ion exchange resin). 

The method of computation and the exact values of d I’*, A G* and d S* for 
temperatures within the range 2-92°C have been given in another paper?. As a 
of interest, the values of t’hese functions for the temperature 298°K (25°C) is shown 
in Table 1. 

TABLE I 

THE THERMODYNAhIIC FUNCTIONS POR THE ION ESCHANGE REACTION: 

lln RIH,Y + LnY- + RI.nY + 1/S I-I,Y+ 

L?I A toinic AC* maoK AH” wa”l(. !WpoaOIC 
nwrlm Z kcallcqiriv. kcal/cquiv. cal/~2jrriv. 

ilC*g 
cal/cquiv, "Ii 

- 

SC 21 -0.270 -0.135 0.45 14.1 
Y 39 -0.561 -.- 2,079 - 5.09 36.2 

La 
9: _ 

--1.017 2.251 IO.97 7.8 
CE? -I.52G 1.721 lo.89 -0.7 
1.r 
NCl* :: 

-1.716 2.318 13.54 -33.6 
-1.896 2.171 13.65 

Pm 61 -2.027 I .9G2 13.39 
=;“.y 

2. 
Sm” G2 -2.087 I.059 Io.56 -81.~3 
2: G3 -2.118 -0.225 G.35 -70.6 

64 -1.961 -0.467 5.01 -73-s 
Tb 

0”: 
-1.678 - I.177 I.68 

DY” 
-55-6 

-I.289 - 2.OlG - 2.44 -20.2 
I-10 
la.-* 

G7 -0.915 -2.359 .- 4.85 2.7 

68 -0.526 -2.153 - 5.46 “I.5 

Tm 69 -0.189 -2.073 - 
Yb* 

6.32 43.6 
70 -0. I32 -1.857’ - 5.79 41.8, 

LU 7I -0.070 - 1.998 - 6.47 42.4 

* The thermodynamic functions for, these elements were calculated by the method previously 
described0 from the values of selectivity coeficients estimated by interpolation in the log/+% 
curves (Fig. 3). 

J. Cho~Wog., I 4 (1964) 7g-g6 
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Fig. I. Selectivity coefficients for the ion eschangc reaction: 1/c R,H,Y -t_ .LnY- * litLnY + f/p 
l-T2W-, as a function of temperature. Points = experimental values; solid lines arc calculatccl by 

the least squares’ mcthoclO. 

2.70 2.60 2.90 300 3.10 3.~~0 3.30 --~~4~-ii---&?i-” l/r ~‘10~ 

365 355 345 335 325 316 305 295 265 275 T% 
e+ 

BP 82 72 62 52 42 32 22 12 2 tot 

Fig. 2. Selectivity coeffici&ts for the ion exchange reaction: l/a R,H,Y + LnY- F? RT_.nY i_ 
I/:, ET,??, as a function of temperature. Points=cspcrime~tal values; solid lines arc calculatecl 

by the least squares’ mcthoclO. 

J. Chrowalog., 14 (1964) 7g-gG 
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The log k values for separate exchange reactions as the function of r/T are given 
in Figs. 1 ancl 2. 

Fig. 3 shows the plot of lo@ vs. the atomic number of the lanthanide %. 
As can be seen from Fig. 3 the lo& -% curves consist 

within which log/< increases or decreases monotonically with 
as it were of two slopes 
increase of Z. 

2.70 2,ao 2.90 3.00 3.10 320 320 390 360 3.60 l/r *IO3 . . 

365 355345 335 326 .31!5 305 295 285 275 T“K 

92 62 72 62 52 42 32 22 12 2 t°C 

Fig. 3. Selcctivitjr coefficients of the lanthanicles in the system:. Ambcrlitc IRA-400 [MaY2’]- 
Na,l-1zY aq., as a function of atomic number. 

Owing to this, the values of logk for the’ elements which were not investigated 
(Nd,Sm,Dy,Er,Yb) could be determined with reasonable accuracy. These results are 
shown in Figs. I and 2 by broken lines. 

Sc$ara:‘ion factors 

The separation Idctor CC (the ratio of the distribution coefficients of the components 
being separated) is a value of fundamental importance in ion eschange chromatog- 
raphy. With an increase in the separation factor a less efficient column i.e. the 
column of a smaller number of theoretical plates, is sufficient to carry out the separa- 
tion required10-17. 

From equation (3) the following ratio is obtained: 

From the data shown in Figs. I and 2 the separation factor can be computed for a 
deliberately chosen pair of rare earths at a given temperature. The values of the sep- 
aration factors of the rare earths (with respect to europium) are given in Table II, 

J. Ciwow~dog., 14. ( 1964) 79-96 
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,together with the separation factors of adjacent elements computed for zo-degree 
intervals within the range of temperature of 2-92°C. 

It can be seen in Table II that the separation factors of rare earths in the Amber- 
lite IRA-400 [H,Y2-]-Na,H,Y aq. system depend to a h.igh degree on the tempera- 
ture. This is an undisputed consequence of the fact that the value and sign of en- 
thalpies : 

AIT* 
clloq h 

= - 2.303 R --%- , 

cl , 

of the exchange reaction espressed by equation (I) are different for particular rare 
earths (see Figs. I and 2, and Table I) ; also d H* is a function of temperaturea. 
(AH” = A E-I,* + A Cp*,T) and the heat capacities d CD* are different for different 
rare earths (cj’. Table I). The separation factors relative to europium, which are 
< I for all the rare earths at lower temperatures, can have the values > I as the 
temperature rises (in case of the lanthanides of the cerium group). For some elements 
the sequence of the elution has been shown to be reversed. The masimum on the 
logk-Z curve, which for low temperatures occurs in the position of europium (Z = 63)) 
moves along the axis as the temperature rises to smaller values of 2, and at 365°K 
it occurs in the region of the Pr-Nd pair (Z = 59-60). In the light of these findings, 
it becomes clear that the selectivity coefficient values given previously109 11 must be 
of dubious value since the room temperature at which those measurements were 
made was not precisely dehned and it could change by as much as 10-15 degrees 
according to the season. 

The fact that the course of the log&I/T curves is quite different for particular 
rare earths is very interesting when one considers the well known similarity of these 
elements and the fact that they form compleses of identical stoichiometric composi- 
tion with H,Y. The discussion or “he vaiues of thermodynamic functionsu seems to 
have proved the hypothesisDJ0 put forward previously as to the structural changes 
of the LnY- complex with respect to the changes of the central ion radius. The proper- 
ties of the complex ion are likely to depend not only on the dimensions on the central 
ion but also on its electronic structure, and hence on the presence or absence of the 
qf electrons. From the analytical point of view it is important that by changing the 
temperature it is possible to influence the separation factors of particular rare earths 
and in some cases to reverse the sequence of elution. 

The wumber of theoretical plates artd the resolution 

The number of theoretical plates N in the column can be computed with the aid of the 
theory of MAYER AND TOMPICINS~~ from the formula derived previouslylB: 

where apart from the symbols already explained, 
c = distribution ratio, i.e. the ratio of the concentration of the substance in 

the ion exchange resin to the concentration in the solution on one theoreti- 
cal plate ; 

W = width of the peak for the N = Mm&e = 0.36s l M,., ordinate. 

J. Chvonzatog., 14 (1964) 7996 



The expression C/(C + I) for C > IO, i,e. for the majority of cases given in this 
paper, is close to I and formula (7) takes the form: 

(U mas - U”)Z 

N = s ---F-- / I 
(8) 

Formula (S) is identical with the formula computed by GLUECICAUF1O when taking 
advantage of the “continuous flow” model instead of the “discontinuous flow” model 
applied by MAYER AND TOMPKINS. According to the theory, the elution curves of 
particular components (peaks) have the form of the normal Gaussian distribution 
curves. As a result of the properties of normal diffusion: 

w== .&T. 2cs 

where o is the dispersion (standard deviation) of the peak. 
Substituting the above equation in the equation (S), we have: 

The height equivalent of the theoretical plate N can now easily be obtained from the 
formula : 

f.. = 4 = ----- L 62 

N (U mnx - U”)3 

where L is the length of the column. 
The value of H can also be derived from the theoretical formulator 31: 

(11) 

A’ o,rLp YP Z6 0.266 Y 26 
, -.--*---- P--.--v__------- 

D, - 1:) DL (I + 70 Y 21,) 
(12) 

where Y = the radius of the ion exchange resin particle, 
2.’ = the bed distribution coefficient (A’ = A - &z), 
i = the fractional free volume of the bed, 
&, DL = the diffusion coefficients in the ion exchange resin and in the solution 

respectively, and 
u = the linear flow rate of the eluant solution. 

It can be seen from (12) that in the case when the deciding factor for the reaction time 
is the diffusion in the ion exchange resin phase, then the height equivalent to the theo- 
retical plate is a fun&in of the distribution coeffkient and diminishes as 2’ increases. 

The dispersion (standard deviation) for the elution curveis given by the formula21 : 

PI--...---. --- _--- __.--- 

(T = S<f!S J 0.142 il' Y2 26 
1.64 r (iz' + .3)2 + --- 

0.~66 (il')s Y4 '26 

Da 
(13) 

where S is the area of the column cross section. 
Its is well known that the diffusion coefficients increase with rise of temperature. 
According to (12) and (13) the rise of temperature should bring about diminution 

of H as well as of 6. 

J. Ch~onzatog., 14 (1964) 7g-96 



RARE EARTH SEPARATION ON ANION EXCHANGE RESINS. IV. 89 

Fig. 4 represents the experimentally determined relation between ,H and the 
distribution coefficient at different temperatures. It is easy to see from Fig. ,4a that 
for a given value of the distribution coefficient and flow rate the height equivalent of 
the theoretical plate decreases, as the temperature increases. Simultaneously the value 
of H diminishes as the distribution coefficient increases, and this effect is particularly 

‘noticeable for small values of a. 

Hx102 
cm IO- 

Q- 

l- 

‘0 20 40 60 80 100 120 , 140 

IO- 

9- 

e- 
7- 

6- 

5- 

4- 

3- 

2- 
l- 

‘0 20 40 60 SO 100 120 140 

distribution coefficient, h 

Fig. 4. Height equivalent to a thcorctical plate as a function of distribution coefficient for various 
temperatures and flow rates. (aj - O - 0 - elution of Y, La, Ce and Pr; temp. 18~; -A-A- 
elution of Y, La and Pr; temp. 50” ; - 0 - 0 - clution of Tb, Gd and Eu ; temp. 55“ ; -0-v - 
eluticn of Lu, SC and Ho ; temp. Gs” ; ZL = 1.8-z. I l 10-z ml/cme/sec. (b) -_o - o - elution of Y, 
La and Ce; ZL = 1.82*10-e ml/cm”/scc; -@,-A- elution of Tm, La and Tb; ZL = r.oG*~o-2 

ml/cmz/scc. ; temp. 25O. 

Fig. 4b shows the influence of the flow rate on the height equivalent of the theo- 
retical plate. According to equation (12) as the flow rate decreases so does the value 
of H. All the data given above prove that the ion exchange reaction expressed by 
equation (I) is at least in part controlled by particle diffusion. 

It can be shown from equation (IO) that the greater the number of theoretical 
plates, the smaller the value of 0 Le. the narrower the peaks of separate components 
and the smaller their overlap. 

,The resolution of LWO components, R dependson the interval.between the maxima 
as well as on the dispersions of the peaks themselves. 

J. Chonzatog., 14 (1964) 79-9G 
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In gas chromatography the separation is generally deemed to be adequate when 
the interval between the maxima amounts to 40 sa-a3; it is often assumed that the 
dispersion of both peaks is practically identical CF~ z oq = cr. 

This problem has recently been co.nsidered in a more general way, the “resolution 
Ns” being taken as the criterion for the separation, the value of N being chosen ac- 
cording to the actual problem. 

In ion exchange chromatography the assumption that the dispersions of neigh- 
bouring peaks are identical is generally far from being true. The resolutioil can thus 
be defined in general terms as follows: 

u 1lItlX 12) ‘-._ un1,s fl) d Umax xn = -------_ = ---- 
1% (a + 02) 92 (CT; + s2) (14) 

where M is an arbitrary number greater than o. 
In the present paper the separation of two components is taken as being complete 

if: 

This means that after having divided the effluent into fractions at the point U = 
Umzbx(A) + 3 of at least gg.SG o/o of each of the components is in its appropriate frac- 
tion, and the impurity amounts to at most 0.14 y. of the peak of the .contiguous 
component. 

It should be stressed, however, that for analytical purposes, e.g. for quantitative 
determinations effected directly from the elution curve by means of the previously 
described metllocllD, the condition that R, > I, (RB = x.5 R3) is in many cases suffi- 
cient , 

AstaLysis of the ehtioa cwves 

In Figs. 3-g several experimental elution curves are shown which illustrate inffuence 
of temperature on the separation of rare earths. For each pair of peaks the separation 
factors ax2 are given (computed from formula (7) ), as well as the resolutions R, 
computed from formula (14). 

As has been shown above, as the temperature rises the number of the theoretical 
plates in the column increases. Simultaneously the separation factor changes on 
account of thermodynamic changes in the distribution c.oefficients of the components 
being separated. 

For a certain limited range of temperature three cases are possible, viz. : 

(4 ya2 increases as the temperature rises; 

1”11 

aI2 remains practically constant ; 
c aA decreases as the temperature rises. 

Case (a) is illustrated, among others, by the elution curves of the pairs Tb-Pm 
(Fig. 6), Eu-Pm (Fig. 7), Lu-SC (Fig. 8) and Y-La (Fig. 9). 

On account of the accumulation of the effects of the simultaneous increase of N 
and Ui2 the resolution increases very rapidly as the temperature rises. In case (b) 
where the separation factor remains constant or changes only very slightly, the reso- 
lution increases far more slowly; cf. the elution <curves of the pairs Gd-Eu (Fig. 5) 
and Ce-Pr (Fig. 9). ..: _,. 

J. Clwomatog., 14 (rgGq) 79-96 
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The last case (c) is perhaps the most interesting ,where changes of both factors 
affecting the .final value of the resolution run in opposite directions. Depending on 
which of them prevails, the resolution can either decrease, e.g., elution ,of the pairs 
Ce-Eu (Fig. 7) and SC-HO (Fig. S), or increase, e .g. elution of the pair La-Ce (Fig. 9). 

(b) 
t=50- 

I Y 
&3.66 R’La=2.02 

1000 a;;=2.16 R’j”-%.31 

800 
cr,pep=1.39 R~-PF=l.OEl 

600 

1200, Pr 

IOOO- Y 

aoor, Ce R 

(a> 
t=qao 

+1,77 Ry3-La = 0.68 

6C 

+I.35 Rc,E-“=0,71 

effluent volume, drops 

Fig. 9. Influence of tempcraturc on the separation of Y, La, Cc and Pr. Column: 4.20 cm x 
0.0360 cm” ; Ambcrlitc IRA-400 [I-I,Y”-] (10-35 114); Eluant: 0.0447 A/I Na,I-1,V; Flow rate: zc = 

x.82- x.88.10-a ml/cmz/sec. 

It, must however, be said that sometimes it is worth discarding very good resolu- 
tion in order to ,considerably reduce the time of separation. 

This is illustrated by the following example. At IST good resolution (R$+I-=o = 
1.92) was obtained for the pair SC-HO, yet at the same time the separation of lutetium 
from scandium is unsatisfactory (see Fig. S) and the time needed rather long. With 
an increase of temperature to 65”C, RJso--No = I .32, the separation of scandium 
from hohnium continues to be complete according to the assumed criterion (IS), but on 
the other hand their separation time is nearly half. In addition to this, at 65°C the 
separation of lutetium from scandium is also complete (X3*-+sc = x.03). 

Other as$wcts of the chartgas of tem;berature 

As has already been mentioned temperature influences also the separation time. The 
rate of movement of the band of the component down the column ZL$, and strictly 
speaking the speed with which the peak maximum moves, is given by the formulaz6: 

The speed of the movement of the band is approximately inversely proportional 
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to the distribution coefficient. Since the distribution coefficient is also a function of 
temperature hence the latter e::presses (other conditions remaining unchanged) the 
time of separation. 

The diminution of the dispersion of the peak as the temperature increases may 
also be important. 

When using an ion exchange resin of very fine particles the flow of the liquid 
in the column is hindered considerably, and it can sometimes be very diffkult to achieve 
an adequately high flow rate. The rise of temperature diminishes the hydraulic 
resistance and consequently a higher flow rate or the required flow rate at a lower 
pressure can be achieved. 

As can be seen from Fig. IO the pressure which must be applied for a given 
column in order to achieve the required flow rate decreases as the temperature rises 
and is also dependent upon the changes of viscosity of the wateP. 

t 

- Water viscosity 
o-a-a Pressure 

-I 1.2 

- II* 

- 1.0 

- 0.9 

- 0.0 

- 0.7 

- 0.6 

- 0.5 

- 0.4 

- 0.3 

- 0.2 

- 0.1 

2 ‘. 
CP” 

0’ I 

‘0 IO 20 30 40 50 60 70 80 SO 100 
‘0 

temperature, “C 

Fig. IO. Pressure which must be applied to obtain the desired flow rate, as a function of tempera- 
ture. Column: a.Ga cm x 0.03Go cmz; Amberlite IR.4-400 [I-LYZ-] (10-35 p); Eluant: 0.0754 M 

Na,I-1,Y; Flow rate: zt = 1.73-1.77' IO-~ ml/cmz/sec. 

New fiossibihfies of qualitative analysis 

Tn a given chromatographic system the distribution coefficient is the characteristic 
feature of a substance and can help to identify it in a mixture. In ion exchange 
chromatography such a characteristic value can be the distribution coefficient, for a 
given concentration,of the cluant, as well as the selectivity coefficient which in prin- 
ciple is independent from the concentration of the eluant ; cf. equation (3). Conclusions 
drawn as to the presence or absence of a substance from a or k values computed from 
the elution curve are not specific, since different substances can have identical or 
very similar distribution coefficients. Because of this, it has been suggested27 that the 

‘. ‘, 

. 
J. Cirrow2atog. I4 (1gG4) 7g-gG 
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value of the selectivity coefficient should not be taken as a criterion of identification 
but its change as a function of temperature. . . 

As has been shown in the present paper (Figs. I and 2) and in the literature49 s$ 21 
the log&r/T curves have a different course for the seemingly similar substances. 
On account, of this determination of selectivity coefficients from the elation curves 
for several discreet temperature intervals and comparison of these data with the 
previously determined logK-I/T curves of the substances of interest should be a 
more specific method. As far as the analysis of rare earths in the system discussed here 
is concerned this method allows identification of trace amounts of separate elements in a 
mixture, with a prevailing excess of other components. In this way it is possible to 
identify radioactive rare earths in such small amounts that the half-lives cannot be 
determined preciselyz’. 
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SUMMARY 

The influence of temperature on the anion exchange behaviour of the rare earth 
elements in the system: Amberlite IRA-400 [H,Ya-]-aq. solution of disodium 
ethylenediaminetetraacetate (Na,H,Y) has been investigated. In the system esam- 
ined the change of temperature has a double effect: (I) the height equivalent to a 
theoretical plate decreases with a rise of temperature; (2) the distribution coefficients 

of the individual ions undergo changes according to the enthalpy values of the ion 
eschange reactions. As the enthalpies of the ion exchange reactions differ in magnitude 
and sign for different rare earths, the separation factors (ratio of distribution coeffi- 
cients) may undergo considerable changes with a change of temperature. Both 
effects contribute to the final resolution value; for some elements the order of elution 
is even reversed. 

New possibilities in qualitative analysis, resulting from the determination of the 
selectivity coefficient of an exchange reaction for a given ion at different temperatures, 
have been pointed out. 
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