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Raising the temperature in order to improve the quality of separation has often been
applied in ion exchange chromatography. The rise of tempera.ture causes the diffusion
coefficients to increase in the solution as well as in the resin phase and accelerates the
stabilisation of local equilibrium, and hence the 11e1ght (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 apphed v¢z. in
chromatography of rare earths and actinides on cation exchange resins. with' the nse
of organic acids as eluants, concerned systems in. which separation is brought about’
by differences in the stability constants of. complexes formed by the metal ions w1th
eluant ions and not by differences in the affinity of ions for the ion exchange resin,

 In such systems the change of temperature only effects the absolute values of the
distribution coefficients while the ratio of the distribution coefficients, the separation
factor (e«) remains practmally unchanged?.2. In this case, the positive influence of the
rise of temperature is exclusively concerned with decreasmg the helght equlvalent
of the theoretical plate. _

In systems in which the dlfferent rates of rmgratlon of the components of a mix-
ture down the 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 effect: o

~ (a) the height equivalent of the. theoretlcal pla.te (H) chrmmshes W1th rise’ of
temperature as usual; and S

(b) the values of the chstrlbutlon coefﬁc1ents of the lnd1v1dua1 ions unde1 go~
changes in accordance with the values and signs of the enthalpies of the ion excha.nge
reaction, and hence the separation factor («) changes as welil. ‘

. This second aspect of the mﬁuence of temperature has not yet been explamed
in the literature.

Up to now, it has been tac1tly assumed that the exchange reac‘tmns enthalp1es
are so small that changes of- temperature cannot be of any gxeat consequence for-
the course of separation. 3 ;

' However, when dealing w1th jons Wlth very snmlar d.lstrlbutlon coefﬁ01ents even;
small changes of the separation factor can be of great practical importance. The

- *For Part I11, see ref.l1,
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values of the enthalpies of ion exchange reactions are of the order of several kcal3-7,
This means that in the universally accessible range of temperature of 0-100°C the
value of the distribution coefficient of a given ion can increase (or decrease) 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 exchange reactions are opposite.
Rise of temperature still has one favourable effect, namely, it decreases the viscosity
of solutions and thus diminishes the hydraulic resistance and permits the use of
greater flow rates. In previous papers®-11, a new method of separation of rare ear ths
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 experiments 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 thermodynamlcs of anion exchange of the rare earth ethylenedmmme-
tetraacetates have been given in another paper®.

~The present publication deals with analytical aspects of the separatlon of rare
earths in the system: Amberlite IRA-400 [H Y2-]-Na,H,Y aq.

L . EXPERIMENTAL
The ion exchange resin .
The strongly basic anion exchange resin Amberlite IRA-400 [Cl-] was ground in a
ball-mill, sieved and the fraction of particle size < 0.07 mm (200 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 9%,
of the particles was within the range of 10-35 u, as shown by microscopic examination.

This ion exchange resin was successively treated in a glass column with a large
excess of 1 N'NaCH and 1 N HCl: After washing with water, the resin was trans-
forined into ethylenediaminetetraacetate [H,Y2-] form by passing o.2 M disodium-
ethylenediaminetetraacetate solution (NaﬂHnY) down the column until no chlorides
could be detected in the efﬂuent Then ion e\changer was washed w1th deionized
water and air dried. : :

“In order to determine the exchange capacity a known weight of the resin was
put in the column; the [H,Y?"] ions were eluted with 1 M NaCl solution and deter-
mined by titration with a standard solution of magnesium chloride in presence of
Zriochrome Black T. The quantity of water m the anion ehchange resin was deter-
lmned by drying at 105°C constant weight. -

' “The exchange capacity was found to beZs = 2.38 mva]/g of the dry ion e\change

resin [H,Y2-]. :
- The bed density has Dbeen pr ev10usly determined and amounted to 4: = 0.326 g of

the dxy ion e\change resin [I~L.Y“—1/ml of the bed.

Reagents , ,
Dlsodmm-e’chylenedxammetetraacetate was prepared from commercial Na,H,Y -

2H,0 by purifying it by the method of BLAEDEL AND KNIGHT!2. Solutions of the
required - concentration -were prepared by dissolving the appropriate quantity of
pure Na,H,Y:2H,O in deionized water. The exact concentration of the solution
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was determined by titrating it with standard solution of magnesium chloride. in
presence of Eriochrome Black 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 pl-I values of the Na,H,Y aq. solutions
were within the range of 4.55-4.70. : TR

Radioactive tracer.s

The following radioactive tracers were used: 134Cs (half life = 2.2 years); 14%La (half
life = 40 h); 14Ce (half life = 285 days); 142Pr (half life = 19.2 11) WPm (half life =
2.6 yeals) 162,184Ey (half life = 12.2 years); 18Gd (half life = 18.0 h); 180Tb (half
life = 73.5 days); 1Ho (half life = 27.3 h); 1 Tm (half hfe =127 days) ”’Lu (half
life = 7.0 days); 49Sc (half life = 85 days); 2Y (half life = 65 h).
' The radioactive tracers 144Ce, 147Pm and 162,154 Eu were supplied by Sc)]uachlm-
Export, USSR.

The others were prepared by irradiating the appropriate spectral pure grade of
oxides or chlorides (Johnson Matthey “Specpule ’) with neutrons in the Polish r g’xctm
EWA. - ‘ R

Apparalis

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 + 0.4°C by passing
water frorn a Héppler ultrathermostat through the ]acl».et The internal diameter
of the actual column was 2.1-2.7 mm. The ‘height of the ion e\change resin bed was
altered according to actual needs.

Procedure

The column filled with Amberlite IRA-400 [H,Y?~] was rinsed with several millilitres
of the cluant (the Na,H,Y solution of the known molarity). When the desired temper-
ature had been obtained and the column br ought to thermal equ111br1um 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 (ih- HCl) together with a
small quantity of 134Cs was evaporated to dryness in a glass crucible, then the theo-
retical quantity of Na,H,Y solution necessary to form complexes 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 % of the
exchange capac1ty 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 1o ul portions
of the eluant. A burette was connected to the column and the flow rate adjusted to
about 1 ml/cm?/min. The volume of a drop was determined by noting burette: readmgs ‘
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 in 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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mum energy of radiation, or by comparmg “them with the elution curves obtained for
single elements under identical conditions. ,

The fractional free volume of the ion exchange resin bed, ¢ = v/vp (the ratio of
the free volume to the bed volume), was determined from the changes of the peak
position of the134Cs ion, for which the distribution coefficient, 4, in the given system is

equal to o:

i = Umn.x‘.’. — Umaxl
b tl

Vp2 == Ul

where Umaxe and Umax, are the efﬁuent volumes cor respondlng to the maxima of the
caesium peak for the volumes of the ion exchange resin bed vy, and vy, respectively.

The fractional free volume thus determined amounts to ¢ = 0.42.

The method of determ.mmg the free volume (formula (2)!°) previously applied
' gave results which were dlstmctly 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 form??, 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 groupsi4.

RESULTS AND DISCUSSION

Formulation of fundamental relations

Previous work?®?-11 has shown that in Na,H,Y aq. solution (pH = 4.55 — 4.70)
practically 100 % of all the rare earths appear in the form of their respective monoval-
ent negative [LnY(H,O)]~ complexes. Under these conditions nearly 100 % of
ethylenedaammetetraacetlc acid also appears in the form of the H,Y%- anion. The
ion exchange reaction (w1th respect to one equivalent) can be expressed as follows:

& RnHoY -t LnY" = RLnY 4 % HoY?2- oo (1)

where R is the catlomc palt of the anion u:cha.nge resin.
Without taking into consideration the activity coefficients, the equ111b11um
constant of the exchange 1eact10n of tlie so called ‘“‘selectivity coefficient’’, is given

by the. equatmn

"Nppay * M3, 2
A RLNY Ha¥ (,,)

%+ . m -
Nn.gngy Myrny™ |

where N is the mole fraction of the ion in the ion excha.nge resin and m is molality.

‘When the separated ions (in this case the LnY - ions) are present in trace amounts
ie. NRzI{nY = 1, the selectivity coefficient & is related to the weight distribution
coefﬁment A (amount per 1 g of the dry ion exchange resin [H,Y2-]/amount per I ml
of the solutlon) by the following express1on°

. |?;
i v
kLllY . ALI‘IY_ ¢ mHQY"_ cd '
1Y"' - C . (3)
r
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where d = the density of the eluant solution, and
Cr = the concentration of the resin phase in the units of mmol /g of the dry
ion exchange resin [H,Y2-]; (Cr = 1/, Z5).
The distribution coefficient can easily be determined from the elutlon curve!!
by the formula: '

o Umax ""(Uo '+‘ V)
o my

(4)

where Umax = volume of the eluant at which the concentration of the given ion
reaches its maximum;

Uos = dead volume of the column;
|4 = free volume of the ion exchange resin bed; and
g = mass of the dry ion exchange resin in the column (in grams).

Since the Cs+ ions do not form any complexes with H,Y and are not retained by
the anion exchange resin in the ethylenediaminetraacetate formi915;

_ Umax(Lny™) — Umux(cst) v
Apny™ = : (5)
niey :

The % values, determined experimentally for several temperatures, can be use to com-
pute the respective changes of free energy (4 G), enthalpy (4 H) and entropy (4S).
Strictly speaking the thermodynamic functions so obtained are partial molal values for
X1ny™ & 0 (Xrny™ is the equivalent fraction of the Ln Y~ ionin theion exchange resin).

The method of computation and the exact values of 4 H*, 4G* and 4 S* for
temperatures within the range 2-92°C have been given in another paper6 As a
of interest, the values of these functions for the temperature 29g8°K (25°C) is shown
in Table I.

TABLE 1

THE THERMODYNAMIC FUNCTIONS FOR THE ION EXCHANGE REACTION:

A ;| ® Ore ﬂl. Oge .’S" LYY y L]
Ln ntltftol;),:"rcz Iﬂ:gl/g;uf';. Ié\’c“:l/::ﬁu]; c]al/él«;?n'::\. cal/c:;Sivz.) °K
Sc 21 —o0.270 —0.135 0.45 I4.T
Y 39 —0.561 —=2.,079 — 5.09 36.2
La 57 ~—1.017 2.251 - 10.97 7.8‘
Ce 58 —1.5206 1.721 10.89 —o0.7
Pr 59 —1.716 . 2,318 . 13.54 —33.6
Nd* 6o —1.896 2,172 13.65 —58.9
Pm 61 —2.027 1.962 13.39 —8a.1
Sm” G2 ~—2.087 1.059 10.56 —81.8
Eu 63 —2,118 —o0.225 6.35 —70.6
gd 64 —1.961 —0.467 5.01 —73.5
- Tb . G5 —1.678 —1.177 ‘ 1.68 —55.6
Dy 66 —1.289 . —2,016 — 2.44 —20.2
I—Io* 67 —o0.915 —2.359 — 4.85 2.7
I§r 68 —0.526 . —2,153 — 5.46 21.5
1'm* 69 —0.189 —2.073 - — 6.32 ~ 43.6
Yb 70 —0.132 —1.857 ‘ — 5.79 41.8
Lu 71 ~—0.070 : — I 998 L 6.47 - T 42.4

* The thermodynamic functions for these elements were calculated by, the method prevxously
described® from the values of selcctxvﬂ:y coefficients estimated by mterpolatxon in the logh-2
curves (Fig. 3).
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Fig. 1. Selectivity coefficients for the ion exchange reaction: 1/, R,H,Y -+ LnY- = RLnY + 1/,
H,Y?, as a function of temperature. Points = experimental values; solid lines arc calculated by

the least squares’ method®.

101

3

270 280 250 300 310 340 330 340 380 386 a0
N — . a - b, o °
366 355 545 395 345 3185 305 265 285 275 T°K
99 @2 72 62 B2 42 32 22 i 2 te°C

Fig. 2. Selectivity coefficients for the ion exchange reaction: !/, R,H,Y + LnY- = RLnY <
1), H, Y3, as a function of temperature. Points =experimental values; solid lines are calculated
‘ by the least squares’ methodsS.
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The log % values for separate exchange reactions as the function of 1/7" are given
in Figs. 1 and 2. _ v

Fig. 3 shows the plot of logk vs. the atomic number of the lanthanide Z.

As can be seen from Fig. 3 the logk—-Z curves consist as it were of two slopes
within which log# increases or decreases monotonically with increase of Z.

102_—
K
1
10 |
10°}
)
2770 260 240 300 310 320 330 340 330 386 /T +10°
365 355 345 335 325 315 3085 265 285 275 T 9K

92 B2 72 63 B2 42 32 24 13 5 teC

Fig. 3. Selectivity coefficients of the lanthanides in the system: Amberlite IRA-400 [H,Y,~]~-
_ Na,H2%Y 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. 1 and 2 by broken lines.

Separa’ion factors
The separation 1actor « (the ratio of the distribution coefficients of the components
being separated) is a value of fundamental importance in ion exchange chromatog-
raphy. With an increase in the separation factor a less efficient column ¢.e. the
column of a smaller number of theoretical plates, is sufficient to carry out the separa-
tion required16-17,

From equation (3) the fellowing ratio is obtained.:

- kLn(l?‘Y—
qiny AL X7 eyt (e
Ln@) 2 Ln(2) Y- pLn(z)y”
HaY>™

From the data shown in Figs. 1 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 1I,

J. Chromatog., 14 (1964) v9-96
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together with the separation factors of adjacent elemnents computed for 2o0- 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 high degree on the tempera-
ture. This is an undisputed consequence of the fact that the value and 51gn of en-
thalpies:

AR = — 2.303 It ————o

of the exchange reaction expressed by equation (1) are different for particular rare
earths (see I‘igs 1 and 2, and Table I); also AH* is a function of temperature®.
(AH* = AHy* + ACp*.T) and the heat capacities ACp* are different for different
rare earths (cf. Table I). The separation factors relative to europium, which are
< 1 for all the rare earths at lower temperatures, can have the values > 1 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 maximum on the
logk—Z curve, which for low temperatures occurs in the position of europium (£ = 63),
moves along the axis as the temperature rises to smaller values of Z, and at 365°K
it occurs in the region of the Pr—-Nd pair (£ = 59-60). In the light of these findings,
it becomes clear that the selectivity coefficient values given previously!® 11 must be
of dubious value since the room temperature at which those measurements were
made was not precisely defined and it could change by as much as 1o0-15 degrees
according to the season.

The fact that the course of the logk—1/T curves is quite different for partlculzu
rare earths is very interesting when one considers the well known similarity of these
elements and the fact that they form complexes of identical stoichiometric composi-
tion with H,Y. The discussion or :he values of thermodynamic functions® seems to
have proved the hypothesis?1° 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
4f 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 number of tkeoretz'cal plates and the resolution

The number of theoretlcal plates IV in the column can be computed with the aid of the
theory of MAYER AND ToMrKINs!® from the formula derived previously1%:

C (Umax — (Jc»)2
N = 8
(c T 1) e (7)
where apart from the symbols élready explained,
C = distribution ratio, 7.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 M Mmax/e = 0.368 M nax ordinate.

J. Chromatog., 14 (1964) 7096
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The expression C/(C + 1) for C > 10, Z.¢. for the majority of cases given in this
paper, is close to 1 and formula (7) takes the form:

(Umax — Uo)?

W (8)

N =8

Formula (8) is identical with the formula computed by GLUECKAUF!¢ 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 resu't of the properties of normal diffusion:

== \/2—‘ 20 o (9)

where ¢ is the dispersion (standard deviation) of the peak.
- Substituting the above equation in the equation (8), we have:

(Umax — Uo)?
o2

N = (IO)

The height equivalent of the theoretical plate H can now easily be obtained from the

formula:
L L o2
= (11)

H=—=
N (Umax — Uo)?

where L is the length of the column.
The value of H can also be derived from the theoretical formula2% 21,

' A o.142 7% u (A")?2 0.266 ¥
i H = .6 ‘ . 2
1647 + (A" + )2 Dy | (A" + 0)2 (1 — 4)Dg (1 + 70 7 u) (r2)
where 7 = the radius of the ion exchange resin particle,
A == the bed distribution coefficient (A’ = A — d2),
) = the fractional free volume of the bed,

D;, Dy, = the diffusion coefficients in the jon exchange resin and in the solutlon
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 function of the distribution coefficient and diminishes as A’ increases.
The dispersion (standard deviation) for the elution curveis given by the formula®:

. ) 0.142 A’ ?'3 2. 0.266 (A)2 #2 u
= S+/L 6 A 7)2
J~/I 47 (A + 92 + 5. +(1—¢)D,,<:+7om) (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 (x 3) the rise of temperature should brmg about diminution

of H as well as of o.

J. Chromatog., 14 (1964) 79—96
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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 temperatule increases. Simultaneously the value
of H diminishes as the distribution coefficient increases, and this effect is partlcularly

‘noticeable for small values of A. :

H»®x10
crn 10F
9-
8l (b)
7»—
o} %
B
4}
3r- \\F
2r ——fr—
1k
06— 26456 60 8O 160 120 140
10+
9._
8F " (a)
7..
6-.
5-.
al
3}
2| - - —
1k o
% 26 a0 66 86 100 120 140

distribution coefticient, A

Fig. 4. Height equivalent to a theorectical plate as a function of distribution coefficient for various

temperatures and tlow rates. (a) — O— O — eclution of Y, La, Ce and Pr; temp. 18°; —A—A—

clution of ¥, La and Pr; temp. 50°; — 1 — [0 — chition of Tb, Gd and Eu; temp. 55°; — vV —V —

eluticn of Lu, Sc'and Ho; temp. 65°; # = 1.8-2.1+10~% ml/cm?/sec. (b) —O— O — eclution of Y,

La and Ce; # = 1.82:1072% ml/cm?¥/sec; — A— A — eclution of Tm, La and Tb; « = 1.06-10~2
ml/cm?/sec.; temp. 25°.

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 decreasés so does the value
of H. All the data g‘iven above prove that the ion exchange reaction expressed by
equation (1) is at least in part controlled by particle diffusion.

It can be shown from equation (10) that the greater the number of theoretlcal
plates; the smaller the value of o Z.e. the narrower the peaks of separate components

and the smaller their overlap. ‘ '
The resolution of two components, R depends on the mterval between the maxima

as well as on the dispersions of the peaks themselves.

J. Chromatog., 14 (1964) 79-96°



go R. DYBCZYNSKI

In gas chromatography the separation is generally deemed to be adequate when
the interval between the maxima amounts to 40 22-23; it is often assumed that the
dispersion of both peaks is practically identical ¢; = 0, = o.

This problem has recently been considered in a more general way, the ‘‘resolution
Ng” being taken as the criterion for the separation, the value of IV 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 resolution can thus
be defined in general terms as follows:

Umnx (2)“— Umux (1) _ A Umux

% (o1 + o2) " (01 + o2) (T4)

Rn=

where # is an arbitrary number greater than o.
In the present paper the separation of two componentsis taken as being complete
if:
A Umax 2= 3 (01 + o2) te. R3 > 1 (15)

This means that after having divided the effluent into fractions at the point U =
Umaxqy + 3 0 at least 99.86 9%, of each of the components is in its appropriate frac-
tion, and the impurity amounts to at most 0.14 % of the peak of the contiguous
component.

It should be stressed, however, that for snalytical purposes, e.g. for quantitative
determinations effected directly from the elution curve by means of the previously
described method??, the condition that R, > 1, (Ry = 1.5 Rj) is in many cases suffi-
cient, _

Analysts of the elution curves

In Figs. 5—9 several experimental elution curves are shown which illustrate influence
of temperature on the separation of rare earths. For each pair of peaks the separation
factors «;? 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 coefficients of the components
being separated.

For a certain limited range of temperature three cases are possible, v¢z.:

(a) «;? increases as the temperature rises;

(b) ®42 remains practically constant;

(c) ®,2 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 V
and «;? 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 elutlon ‘curves of the pairs Gd—Eu (Fi 1g 5)
and Ce-Pr (Fig. 9). . :

J. Chromatog., 14 (1904) 79—96



oI

RARE EARTH SEPARATION ON ANION EXCHANGE RESINS. V.

sdoap ‘aumjon juaniyyd

_ ooe ast oot 0s 0
gy 1002
€ qi 8%
mm.o..luEmnn ._.m : NO.@"E me
oGL=1 a1 009
®
008
— } } s 0
RS 002
ud 9 b
4
Nm.c lE&ln Fm —‘m P".EQ
oG2=} 009
(9) b |
. qLv 008

wq

LG ug-qt $9E2=g® 009
sGE=Y
(3) 00a
q1
Mﬂ 002
. 00t
009
$2
008
En_ k oQoL
Ty gt 262y al
097}

(P)

dodp/uiw/siunod ‘Ajial3oe

*2asfundfjuz [z o1-0z-L1 = n :97ex Mo ‘X3 PeN
I LSLoo = (p) pue (9) pue ‘x°HeN Jy S1loo = (q) pue (e) xof juenyy (7 nmlos
[-2A%H] ooF-yy[ anpaquy :fwd ogforo “wetp ‘ud €5z = (p) pue (3) ‘wd ofz =
(q) pue (e) suwnjo) “wj pue qf jo uorjeredass ay} uo 85@5&&3 Jo dduanyuy 9 3Ly

*03s[;Wof{W ; 01.10°2-L6'T = 1 :9781 Mo "X eN
v 69L0°0 :juenyyg (0 €€-or1) [_zx¥H] oob-yy| aypaquy ‘,wd 0gfo'o X umd of'z
‘uwnjo) ‘nyg pue p9 ‘qL jo uorjeredss ayl uo arnjeroduray mc 85@:: € -Sig
sdoJp ‘awnjon «.._m:_tw

o5t 0oL 05 0
: ; /S 0
002
n oy
9E0%, 4 62L=om
n B
n3-p9 3° Bs 009
¢ uum-nhm Nn..u_‘uuwsd s)
_ 00e
9L =1
(®

doap/uiud/ saunod ‘A anoe

nj

. 9
o\.oua-umm g€l nﬂas

€=y gl 2LL=0s

oGG=1 000t
(@ P9 1

J .Chromatog., 14 (1964) 79-96



098 [pW0f{l 5 OT-1'2-¢'E = # 19381 Mo[] ¢ X3[%eN Jy 6g00-0 :juenyy "03S[Waf[ut 01 -¥I'1-C0'I = 7 19381 MO ‘ X°H[°eN J¥ 19L0°0 :juen{y

.

(W S€~o1) [ZAPH] oob-y [ appmequiy {;md 6g€o'o X wrd Sgr¥ sumnjoy) (' S€-o1) [_X %] oob-y ¥ ] anpraquey zux 395€0°0 X uId 06°Z :uwN[07)
"Wy pue ny 9) jo wonperedss ayy uo amjersdwd) jo dguanguy L Sy

'OH pue 9§ ‘0 jo uonperedas sy} uo armjeradusy jo souenyuy -g S

R. DYBCZYNSKI

g2

sSdoJp ‘awnjoA uanjyid

sdodp ‘Funjon u3n(ya

= 0
3 SN ¥ .-N
aoy
$ 00y :
009
009 ©
ol {oos ug Vs 3ol ocot
Lo N - § 2
261 o umm om.mume ooor © PEOTygngtl 9015y, oozL <
- : { 4 3 -3 - &
e € .m a4 FO.Nnaw a5 908730 oo <
8E0= o ntl  OELS,Y 5 oozt 5 wq +n3 % Sbe1 . o
8L =1 S = (e) oot m
(®) {0081 0 =+
—— 4 i} 0o & L
1 3 2,
w 3
(s]e14 M. muv
3 o
Slloor o ©
2
| 1 3
009
co8
a0zt
5 0001 ~n £ ,.n3 .
o € i IUW QNOIE&I—JNG .NmPIEAG ooyl .
2ELS,, Ll D n . € %)
. " 1 oozt UO0%ny.a OELTD | o
€0L=, 4 8= D 08971
S-n7 >s loowt (0
c9=1 ol
Q) .

].‘Clu'omatog., 14 (1964) 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. 8), or increase, e.g. elution of the pair La-Ce (Fig. 9).

(b)

t=50°
L -
xf=366 R, =202
Y
1000 _Ce_ La-Ce
La =216 R34
800 -
Ce xff=139 RS PRi08
g ©00iCs | Pr
= r
T 400} f
N 4
E 200
["2]
S o " £ 4 i — —
[=]
] 1200. . (2)
2 1000 t=18°
> La ¥Y-La
= ., =177 R, =068
‘g 800 ' 3

Ce La-Ce_
600 =241 RT=120

Pr_ Ce -Pr_
oth-1.3‘5 Ra =071

K__.__L__L.-‘._

150 200
effluent volume, drops

400

200

Fig. 9. Influence of temperature on the separation of Y, La, Ce and Pr. Column: 4.20 cm X
0.036Go cm?; Amberlite IRA-q400 [H,Y?*"] (10-35 w); Eluant: o.0447 M Na,H,Y; Flow rate: 2 =
© 1.82—1.88-107% ml/cm?/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 18°C good resolution (R;5¢-Fo —
1.92) was obtained for the pair Sc—Ho, yet at the same time the separaticn of lutetium
from scandium is unsatisfactory (see Fig. 8) and the time needed rather long. With
an increase of temperature to 65°C, R 8:—Ho = 1.32, the separation of scandium
from holmium continues to be complete according to the assumed criterion (15), 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 (Rzl-4~Sc = 1.03).

Other aspects of the changes of temperature ‘
As has already been mentioned temperature influences also the separation time. The
rate of movement of the band of the component down the column uz, and strictly
speaking the speed with which the peak I‘naximum moves, is given by the formula2s:

u

=7 a7 (16)

’ialx .
The speed of the movement of the band is approximately inversely proportional

J. Chromatog., 14 (1964) 79-96
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to the distribution coefficient. Since the distribution coefficient is also a function of
temperature hence the latter expresses (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 difficult 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. 10 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 waters2e.

60~ &—o—a Water viscosity 412
P O—0—0 Pressure -
mm Hg [ 111 P

SO - 410

- {os

40} {08

- {07

30} {06

L 4105

20} {04

o 103

10 10.2

R 401

(@)
"0 10 20 30 40 50 60 70 BO 0 100
temperature, °C

Fig. 10, Pressure Whlch must be dpphed to obtain the desired flow rate, as a function of tempera-
ture. Column: 2.62 cm X 0.0360 cm?®; Amberlite IRA-400 [I—l.,Y-—] (10-35 u); Eluant: o. 0754 M
. Na,H,Y; Flow rate: # = 1.73-1.77-10~% mlf/cm?/sec.

New possibilities of qualitative analysis

In 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 eluant, as well as the selectivity coefficient which in prin-
ciple is independent from the concentration of the eluant; ¢f. equation (3). Conclusions
drawn as to the presence or absence of a substance from 4 or % values computed from
the elution curve are mnot specific, since different substances can have identical or
very similar distribution coefficients. Because of this, it has been suggested?? that the

J. Chromatog. 14 (1964) 79—96
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value of the selectivity coefficient should not be talen as a criterion of identification
but its change as a function of temperature.

As has been shown in the present paper (Flgs 1 and 2) and in the literature® 5,21
the logk-1/T curves have a different course for the seemingly similar substances.
On account of this determination of selectivity coefficients from the elution curves
for several discreet temperature intervals and comparison of these data with the
previously determined logk-1/7T 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 elementsin 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 precisely?.
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SUMMARY

The influence of temperature on the anion exchange behaviour of the rare earth
elements in the system: Amberlite TRA-400 [H,Y2-]-aq. solution of disodium
ethylenediaminetetraacetate (Na,H,Y) has been investigated.In the system exam-
ined the change of temperature has a double effect: (1) 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
exchange 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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