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INTRODUCTION

After PEPPARD ef al.! first showed, in 1957, that di-(2-ethylhexyl) orthophospho-
ric acid (HDEHP) was a very promising extractant for the fractionation of the tri-
valent lanthanides, a great deal of work was performed in many laboratories on the
use of this compound in the separation of various cations.

The high degree of selectivity attainable with HDEHP when separating
elements which show very similar chemical properties, made this compound a very
effective tool for reversed-phase partition chromatography in the field of inorganic
chemistry. Supports treated with a suitable organic solution of HDEHP have been
used, in the form of a bed for column applications or in the form of a paper sheet for
paper chromatography. It is not possible to list here all the examples given in the
literature of the use of HDEHP-treated supports, since, due to their number, a
special review would be required.

Many chemical elements have already been investigated in our laboratory as
to their behaviour on reversed-phase chromatography with HDEHP-treated papers.
With the purpose of completing a list of the behaviour of as many as 67 cations, our
efforts were devoted to investigating the HDEHP-HCI system on paper.

This work, starting from our recent results, and extending further their develop-
ment, is aimed at collecting all the experimental data obtained and correlating such
data with some special aspects of liquid-liquid extraction phenomena.

EXPERIMENTAL

Reagents and cquipmient

The di-(z-ethylhexyl) orthophosphoric acid (HDEHP) was a Virginia-Carolina
Chemical Co. (Richmond, U.S.A.) product supplied by Soc. Eigenmann and Veronelli
(Milan). It was used as supplied, since no differences in experimental results were
ncticed? when HDEHP samples had been previously purified by a method derived
from that described by STEWART AND CrRANDALL3, All the reagents were analytical

grade. A list of cations, not considered in our previous work, and the relative com-
"“pounds used, is shown in Table I, together with the suppliers and final solutions

obtained.

* Address: CISE, Casclla Postale 3986, Milano, Italy.
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TABLE I

SOLUTIONS USED TO APPLY THIE CATIONS ON THE CHROMATOGRAMS

Cation Compound Final Final Supplier
used solvent 101 conc.,
equiv. /!

Li+ LiCl H,0 0.0035 C. Erba
Nat+ NacCl H,0 0.005 C. Erba
K+ IKcl H,0 0.005 C. Erba
Rb+ RDbCI H,0 0.005 Fluka
Cst CsCl H,0 0.0035 B.D.H.
v+ YCl,; 6 11,0 H,0 0.08 Merck
Nqs+ Nd,O4 0.2 M TICl o.075 B.D.H.
T+ Th,y0O4 o1 M HClI o.02 Fluka
Dyi+ Dy,0, o.2 M HCl o.002 Fluka
Hod+ Ho,04 o1 M HCl o0.035 Fluka
Tm3+ TmyOy, 0.2 M HCl o.02 Light
Lus+ Lu,O4 o.1 M HCl o.02 Light
U0O,2+ UO,(NO,)e'6 H,O 5 M HCI 0.0035 Merck
Tid+ TiCl, o.1 M HCl o.005 C. Erba
LLfd-+ metal 6 M HCI 0.02 Fluka
Vit V0, conc. HCl o.10 C. Erba
Vit VOSO,:5 H,O H,0 0.10 Merck
N+ metal conc. H,S0O,4 o.10 B.D.H.
Cri+ CrCly-6 H,0O H,0 o.10 C. Erba
MoS+ MoOg,4 0.1 M NaOH o.10 C. Erba
We+ Na,WO,:2 H,O H,0 o.10 C. Erba
Mn2+ MnCl,+ 4 H,O H,0O 0.005 C. Erba
Re™+ metal 6 M HCI 0.01 B.D.H.
Ru?+ RuCl, 1 M HCI 0.05 B.D.H.
Rhi+ metal conc, HCI o.10 B.D.H.
Pdz+ PdCl, 1 M HCI 0.05 C. Erba
Ird+ 1rCl, conc, HCl 0.10 C. Erba
Pia+ H,PtCly- 6 H,0 conc. HCl 0.0035 C. Erba
Cu?+ CuCl,-2 H,0 H,O 0.005 C. Erba
Agt AgNO, H,0 0.10 C. Erba
Aud+ HAuCl;- 4 H,0 o.1 M HCl o.005 C. Erba
Zn?t ZnCl, o1 M HCl o0.005 C. Erba
Ca+ CdCl, 2.5 H,O H,O o.012 C. Erba
Hge+ HgCl, H,O 0.005 C. Erba
B+ Nay,B40.-10 H,O H,O 0.10 C. Erba
Get+ GeCly conc, HCI o.10 B.D.H
Sn2+ SnCl,+2 H,O 95 % ethanol o.10 C. Erba
Pp2+ PL(NOy), 0.1 M HCl o.005 C. Erba
AstF As, O, conc, HCI o.10 C. Erba
Asb+ As, Oy conc, HCI o.10 C. Erba
Shb+ Sb, Oy conc, HCl 0.10 C. Erba
B+ Bi(NOg)y'5 H,O 0.3 M HCl o.10 C. Erba
Set+ H,ySeO,4 H,0 0.10 C. Erba
Ted+ TeCly conc, HCIl 0.10 B.D.H

E. CERRAI, G. GHERSINI

The chromatographic paper was Whatman No. 1 (CRL/z1 type). It was treated

with the appropriate cyclohexane solution of HDEHP, which had been previously
equilibrated with hydrochloric acid by shaking 10 min with twice its volume of a
2.5 M HCI solution. The paper was immersed for about 30 sec in the equilibrated or-
ganic solution and then removed and allowed to drip. It was finally dried in a current
of warm air.
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REVERSED-PHASE PARTITION CHROMATOGRAPHY OF CATIONS 385

The behaviour of the various cations on varying the HCI concentration in the
eluent was mostly determined with paper treated with o.100 M HDEHP.

In order to obtain experimental data on the role of HDEHP in the partition
mechanism of the ions, simultaneous elutions! were carried out on papers treated
with cyclohexane solutions of HDEHP at different concentrations, viz. 0.100, 0.080,
0.000, 0.040, 0.025, 0.015 and 0.010 M; the HCl concentration in the eluent being
chosen for each ion from the results obtained with o.100 M HDEHP treated papers.

In the case of yttrium and uranium, an extensive investigation was carried out
to determine the dependence of their Rp values on the hydrochloric acid concentra-
tion not only with paper treated with o.x00 M HDEHP, but also with paper treated
with 0.075, 0.050, 0.025 and 0.0x0 M HDEHP, as has already been done for the alka-
line earths? and aluminium, gallium, indium, thallium and the transition metals of
the iron group?.

The equipment used has already been described in previous worlk5.

Chromatographic procedure

Spots with a volume of about 0.0z ml were applied on the paper, which corre-
sponds approximately to T X 1077 equivalents of the cation with a 0.005 IN solution
and to 2 X 10~% equivalents with a 0.1 N solution. After development, the paper was
dried in a current of warm air, and then sprayed with a solution suitable for the
detection of the spots. The reagent solutions used for this purpose are listed in Table 11,

TABLE II

SPRAY REAGENTS FOR DETECTION OF THE SPOTS

Compound Reagent solution Cations developed”

Dithizone 0.1 9%, soln. in chloroform Vit Vit Nbb+; Re’™; Ruldt; Rhi+;
Pdz+; Irtt; Agt; Audt; Zn?t;
Cd?+; Hg2+; Gedt; Pb2t; Asit;
Agbt; Shb+; Set+; Tett

Quecercetin | 0.1 % soln. in ethanol Sc¥+; Tid+; Zptt; HfY; Mn?t,;
Pt Cu?t; Sn2+

8-Hydroxyquinoline 0.1 9% soln. in 509, ethanol Y3+, UOL2+; rarve earths

Morin 0.1 9 soln. in ethanol Mo, o+

Diphenylcarbazide 0.1 9%, soln. in ethanol Crt+

Sodium alizarinsulphonate 0.1 9% soln. in ethanol B+

Ammonium sulphide 20 9% soln. in water Bi+

¥ Cations in italics can be detected only under U.V. light.

Except in the case of bismuth, which was sprayed with ammonium sulphide, the
sprayed paper had to be exposed to ammonia fumes to make the spots visible.

Further details of the chromatographic technique are described in a previous
paper®.

The elutions, all ascending, were made with hydrochloric acid (supplied by
' C. Erba, Milan) at different concentrations, ranging from 1-10-% to 10 M.

Each result was checked at least onceunder the same conditions, except for a
few cases in which the relative position of results at various concentrations left no
doubt as to their reliability. Reproducibility of the Rp values within -4 3 9% was

J. Chvomatog., 24 (1966) 383—401



386 E. CERRAI, G. GHERSINI

a0

1+ — 2¢ s

° Li - Be )

: - /
1 1 L 1

18

08

a6 1" - 2+

oe N2 | Mg

a2~

0 1 | ! L

10

08

o7 - -

k- K t ca?® B Scs* r TI“

02.— }= b }—

8 i l L X I

1.

ut | - L ] - -

b = - e = o - !
U sr* YL ozt (L w*t [ [ oMt | Te C R
fT L B 1 I B | ! ] [ //F- ] ! 1 - L
1.0
oF - - - - i -
- Ba?* WA L e I . Cower | Re’* " os
a4 o ™, - - - I~ I~
02f- o - - - / - -

0 [ 1 1 ! 1 s 1 1 l [ L I I
-1 [+] 1-3 -2 -1 1-1 0 14 [+] 1.2 -1 ] 1= 0 1-3 -2 -1 [} -1 [
- b

— -
t Pt ([ [na® |[ pm ﬁ
- - -
L L L ]
R L o
44 — 24
04 Th B uo,
a2 =
V! 1
B - ©
Fig. 1. Chromatography on paper treated with o.1 M di-(2-ethylhexyl) orthophosphoric acid in
cyclohexane; plot of the 2 values of the elements as a function of the logarithm of the molarity
of the hydrochloric acid used as the eluent.

considered satisfactory, because of the shortness (about g cm) of the chromatograms.
All the experiments were carried out at a room temperature of 23° 4- 1°,

RESULTS

In Fig. 1, Rp values for all the cations studied both in the present and in pre-
vious work are plotted against the molarity of the HCI used as eluent, the papers
being treated with an o.100 M solution of HDEHP in cyclohexane. The cations are
arranged according to their order in the Periodic Table.

Data on osmium are necessarily missing, since there were no methods of detec-
tion suitable for the low amounts of this cation which had to be used in order that
the intrinsically low capacity of the treated paper was not overloaded. The other
cations missing were those not available at the moment. Although the experiments

oy
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were carried out over a range of acidity from 10 M HCl to 1-10™* M for all cations,
in drawing TFig. 1 the lower concentrations were often ignored, since the relative
results showed no interesting features.

The general behaviour of the ions, as it appears in Fig. 1, compares well with
the data in the literature on liquid-liquid extraction.

A good survey of the behaviour of elements in the liquid-liquid extraction
with HDEHP from hydrochloric acid solutions was carried out by KiMURA?. By
comparing our Rp results with the distribution coefficient values K reported in
KIMURA’s paper, a certain, generalization can be made about the correspondence
between these two variables. Roughly speaking, when in our experiments an element
just leaves the start point, a value for K of about unity is found in KiMURA’s table;
and when an element reaches the front of the eluent, its extraction coefficient is of
the order of 1-1073. It was found that the only disagreement between the two tables

J. Chvomatog., 24 (1966) 383—401
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388 E. CERRAI, G. GHERSINI

occurs for mercury, which should, according to KIMURA’s data, be partially retained
on the paper, while in our experiments it always runs with the eluent.

Further comments on the results shown in Fig. 1 can be found in the discussions
on the single groups of cations, reported below.

Fig. 2 reports the data obtained in the investigation of the behaviour of yt-
trium and uranium(VI) on papers treated with HDEHP at various concentrations
in cyclohexane. As has been already mentioned, o.xoo, 0.075. 0.050, 0.025 and
o0.010 HDEHP molarities were studied.

00

0.0 05 10 00 05 log [H C‘J 10

Fig. 2. Rp values for yttrium and uranium plotted vs. log M HCI, Paper treated with HDEHT
solutions o.010 M (curve 1), o.025 M (curve 2), 0.050 M (curve 3), 0.075 M (curve 4), and o.100 M
(curve 5).

DISCUSSION

General
It is well-known that the behaviour of an ion in reversed-phase partition chro-

matography on supports impregnated with a given compound is closely related to its
behaviour in liquid-liquid extraction by the same compound dissolved in a suitable
solvent. The Ry values for a given ion on paper treated with a liquid extractant and
eluted with a given aqueous solution are related to the extraction coefficients E
of the same ion in the analogous liquid-liquid system, through the well-known
relationship:

log (EI— — I) = log E -+ log % (1)
r

where % is a constant depending on the chromatographic conditions.
As already pointed out?, the equilibrium accepted as representing the ex-
traction mechanism of a cation with HDEHP may be written as:

Mv+ 4+ ¢(HDEHP)z = M(DEHP), - 8 HDEHP : (¢ — b) (HDEHP); + bH+ (2)
The equilibrium constant K of this reaction, written in terms of activities, is:

va [M(DEHP), - b HDEHP « (¢ — b) (HDEHP)s] an?

yo [Mb+] [MDEHP)S, (3)

K =

where ya and yc are the activity coefficients of the adduct in the organic phase and
of the metallic cation in the aqueous phase, respectively, and [HDEHDP]er is what

J. Chvomatog., 24 (1966) 383—401



RiEVERSED-PHASE PARTITION CHROMATOGRAPHY OF CATIONS 389

we called® the effective HDEHP concentration and which is a measure of the activity
:t the HDEHP present on the paper sheet.
The extraction coefficient E§ of the metallic ion is defined as:

B [M(DEHP)y - 5 HDEHP - (¢ — b) (HDEHDP);]
“ [Mb+]

By substituting the left and right terms in this latter equation with their
expressions obtainable from the eqns. (x) and (3) respectively, the following relation-
ship is obtained:

log (EI— — 1) — ¢ log [HDEHP]ery — b log an+ -+ const. (4
r

]

where the term ‘‘const.” in eqn. (4) = log K + log % -+ log (yc/ya); yc/va being
assumed to be practically constant in the ionic strength range pertaining to the ex-
perimental conditions considered for a given cation. ’

For a given element, plots of log (x/Rr — 1) against either log [HDEHP ]ty Or
log an. can lead to the determination of the coefficients ¢ and & of the eqn. (4) when
either the HCI concentration in the eluent or the HDEHP concentration in the so-
lution used to treat the paper are respectively kept constant. Thus, information on
the extraction mechanism can be obtained.

Figs. 3 to 6 show such plots for the various cations considered in this work and
whose Ry values in Fig. 1 increase as the HCI concentration is raised. The analogous
plots for cations already considered in previous publications are omitted here, as
they can be found in the respective papers?:4. Data for rare earths are reported below.

The hydrogen ion activities in plots of Figs. 3 to 5 were calculated from the
data reported by ROBINSON AND STOKES®. The effective HDEHP concentrations on
the paper, used in Fig. 6, were calculated from the formula:

k [HDEHP]ogr = 0.14 + 1.5 [HDEHP]

mentioned in a previous papers5.

’.T\Cou CiMnPbzn VVBiSb Sn  Ag Mo W
> 4
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=10 1 { 1

o ! ] ! | 1 ]
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Fig. 3. Plots of log (1/Rr — I) vs. log au+ for various cations. Paper treated with o.100 M HDEHP.

J. Chromalog., 24 (1966) 383—401
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Fig. 4. Plots of log (1/Rg — 1) vs. log ay+ for yttrium. Paper treated with HDEHP at various
concentrations. Slopes — 2 and —1.

Fig. 5. Plots of log {1/Rr — 1) vs. log ag+ for uranium. ’aper treated with HDEHP at various
concentrations. Slopes — 2, — 1.5, and —1.
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Fig. 6. Plots of log (1/Ity — 1) vs. log ATHDEMHID? ) for various cations. Different HCI concen-
trations, as quoted in the single plots. Open symbols refer to data obtained with simultaneous
elutions with paper treated with HDEHP at different concentrations. Closed symbols refer to data
obtained from Figs. 3 to 5. Slopes are found in Table 111.
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REVERSED-PHASE PARTITION CHROMATOGRAPHY OF CATIONS 301

From the slopes of the curves in the Figs. 3-6 the values for the coefficients b and
c of eqn. (4) were obtained. These are collected in Table III, together with the
similar results obtained for the cations considered in previous publications. From a
general standpoint, the results collected in Table III show that although a relation-
ship such as that shown in eqn. (1) holds, the values for coefficient 4 for a given cation

seldom agree with the charge of the cation itself.

The fact that the cations are likely to be partially complexed by the chloride
ions present in the eluent solution has to be taken into account. A cation M+ co-
ordinating # Cl— ions gives rise to a MCl,®-»+ complex which actually takes part
in the exchange reaction. In this case, the mechanism of exchange may be represented

TABLE III

VALUES OF COEFFICIENTS b AND ¢ OF EQUATION (4) FOR CATIONS ELUTED WITH FHCl ON PAPER
TREATED WITH 0.1 M/ HDEHTDP IN CYCLOHEXANE

Cation Cocfficient b Coefficient ¢
Value HCl mola- Value HC! mola-
vity vange vity
Mg2+ 1.5 0.00I —-0.04 3.0 0.003
Ca2+ 1.5 0.008 -—o0.1 3.0 0.03
Sr2+ 2.0 0.002 —-0.006 3.0 0.003
1.5 0.006 ~0.04 3.0 0.01
Ba2t 2.0 0.002 —0.006 3.0 0.003
1.5 0.006 -0.04 3.0 0.01
Yi+ 2.0 0.7 -2 3.0 1.5
1.0 2 -6 2.0 3.5
UO,2+ 2.0 5 -7 4.0 -+6.,0
1.0 7 ~ ~-10 2.0 9.0
Vit 1.25 0.01 -1 2.0 0.1
v+ 3.0 0.05 —0.2 4.0 0.1
1.0 0.2 ~1 I.0 0.8
Mo%+ 2.0 4 -6 4.0 4.0
0.5 6 -I0 2.0 8.0
W+ 2.0 4 -6 —_ —_
0.5 6 —-Io 2.0 8.0
Mn2+ 1.5 0.004 -0.1 4.0 0.01
Fed+t 2.0 2 -6 3.0 2.3
Co2+ (1.5) 0.0001-0.03 - —
Ni2+ (1.5) 0.0001-0.03 — —_
Cu2+ 1.5 0.001 -0.05 3.0 0.006
Agt 2.0 1 -3 —_ —_—
1.0 3 -5 1.0 4.0
Zn2+ 2.0 0.01 -0.2 3.0 0.04
Cqgz+ 2.0 0.004 —-0.03 3.0 0.01
Al 2.0 3.5 -5 3.0 4.0
1.0 5 ~10 3.0 6.0
Gad+ 3.0 0.08 -0.2 3.0 0.08
2.0 0.2 -1 3.0 4.0
In%+ 3.0 0.3 -1 3.0 0.5
< 3.0 1 -3 < 3.0 e
Sn2+t 2.0 0.5 -1 2.0 0.8
0.5 1 -5 2.0 3.0
D2 2.0 0.01 —O.I 3.0 0.04
Shb+ 2,0 0.1 -I 2.0 0.3
' 0.5 1 -3 0.0 2.0
Bij+ 3.0 0.1 —0.7 3.0 0.2

J. Chrvomatog., 24 (1966) 383-40T



392 E. CERRAILI, G, GHERSINI

by a reaction similar to reaction (2) in which the element M2+ and the coefficient b are
substituted by MCl,®—?)+ and by (b — #), respectively. The slopes of the plots of log
(x/Rp — 1) vs. log au+ will then give (b — %) values. Furthermore, the combination
of the two equilibria gives a value of b lying between the value of the charge of the
cation and the same value minus #.

The same effect is obtained if partial hydrolysis of the cation occurs: the cationic
species to be considered will then be M(OH), =)+, and reaction (2) will be modified
in the same way as in the case of the MCl, ="+ species.

In addition to the above, another reason for b coefficients differing from the
stoichiometric values may be ascribed to a dehydration effect which takes place at
high hydrochloric acid concentrations. This effect may be responsible for the decrease
of the Ry values shown to different extent by almost all the elements. A general
discussion on this effect which deserves further consideration will be given in a future
paper?,

Except for Y(ITI) and UO4II) and those cations already considered in pre-
vious papers on reversed-phase paper chromatography with HDEHP there are not .
many data on liquid-liquid extraction with HDEHP available in the literature for
those cations listed in Table ITI, though, as already mentioned, a good survey on the
behaviour of almost all cations was carried out by KiMmuRra’. However, if the general
trend of the different cations, as shown in the previous section, agrees with KIMURA’S
results, the same cannot be said about the values of coefficients b and ¢ in eqn. (4).
The reason for this disagreement may be due to two important factors, which are
now considered.

Firstly, in KIMURA’s work the determination of the dependence of the extrac-
tion coefficients on the concentration of hydrochloric acid was carried out with a
50 % HDEHP solution in toluene, this condition being appreciably different from
ours. Secondly. consideration also has to be given to the fact that the reversed-
phase chromatography gives Ry values differing from zero in a range of conditions in
which liquid-liquid extraction gives extraction coefficients which are very low with
respect to the ones usually considered: thus, the mechanism of extraction may be
appreciably different in the two cases.

Both reasons reported above are quite obvious: nevertheless the discussion on
the extraction of uranium(VI) with HDEHP from various acidic media, reported
below in the paragraph dealing with uranium, may- be a good illustration of them.
A feature which further confirms this point is the fact that the disagreement is
particularly found with ions which do not follow reaction (2), 7.¢. they are involved
in the extraction mechanism as complexes with Cl~ or as partially hydrolyzed ions.
It is obvious that ions which undergo these phenomena will behave in quite a different
way at two different HCI concentrations.

Alkali and alkaline earth metals

Alkali metals run generally with the front of the eluent; when eluted with very
dilute HCIl, they show a slight retention by the paper (Ry values about 0.7), which
probably has to be ascribed to a partition phenomenon in which little role is played
by HDEHP.

A discussion on the behaviour of alkaline earths has been already reported
in previous work4,

J. Chromalog., 24 (1966) 383—401
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Scandium, yttrium and the lanthanides ,

Since scandium is strongly retained by HDEHP at any HCl concentrations,
no results on the mechanism of its extraction can be derived from reversed-phase
chromatographic data.

The behaviour of yttrium in liquid-liquid extraction systems involving HDEHP
has been often reported in the literature!,10,11, where the value 3 is given for both
the coefficients b and ¢ in eqn. (4). Its behaviour in reversed-phase chromatography
is now discussed together with the behaviour of the rare earths.

Because of their importance in the nuclear field, the rare earths deserve a parti~
cular consideration. It has already been demonstrated also in this laboratory that
reversed-phase chromatography on supports impregnated with HDEHP is a powerful
means of separation of the rare earths. In this work, it is intended to complete the
information about their behaviour on paper treated with HDEHP when eluted
with HC], and at the same time to rectify a mistake that unfortunately occurred
during the compilation of a previous paper®.

TFig. 7 shows the behaviour of the rare earths in the form of Ry values plotted
against the logarithm of the hydrochloric acid concentration of the eluent. It can
be seen how their behaviour (as their atomic weight varies), is consistent with the
one expected, and how yttrium falls between holmium and erbium following its
usual peculiar behaviour towards rare earths.

10
Re

0.8—

06

log [HC 1]

Fig. 7. Rp values for rare earths plotted vs. log M HCI. Paper treated with o.100 M HDEHP.
Yttrium behaviour is included.

In plotting-these results, it was noticed that the curve referring to dysprosium,
as reported in the previous publication®, was not consistent with the curves referring
to the rare earths immediately before and after it. Reinvestigation permitted us to
conclude that most probably in the earlier work yttrium instead of dysprosium was
used.

' Fig. 8 shows the plots of log (1/Rp — 1) against the atomic number Z of the
rare earths. According to results in the literature!:$, parallel straight lines are ob-
tained showing that Eg is a linear function of the atomic number. From the figure,
the average separation factor between two adjacent rare earths is estimated as 1.9.

In order to check the mechanism responsible for their retention, log (1/Rp — 1)

has been plotted against the logarithm of the hydrogen ion activity in the eluent,

J. Chyomatog., 24 (1966) 383~401



394 E. CERRAI, G. GHERSINI

and results are shown in Fig. 9. Fig. 10 shows some plots of log (1/Rp — 1) against
the effective HDEHP concentration on paper; these are from Rp data obtained
from simultaneous elution of elements on paper treated with HDEHP at different
concentrations in cyclohexane. While all the rare earths are considered in Fig. o,
the plots in Fig. 10 refer only to Sm, Tb, Ho and Yb, the other rare earths behaving in
a similar way.

1)
N
(=]

o

10

0.0

- |
W55~ 859 &1 63 65 67 65 71 5 73

Fig. 8. Plots of log (1/Rp — 1) vs. atomic number Z for rare earths. Paper treated with o.100 M
HDEHP, elution with HCI at the indicated molarities. Average separation factor: (1/Rp—1);41/
(1/Rp—-1); = 1.9.

The main feature arising from Fig. g is the fact that log (1/Ryr — I) against
log au+ plots do not follow straight lines of slope — 3 as would be expected from the
ion exchange mechanism. They tend rather to follow curves which may be approxi-
mated to lines of slope —3 only in their upper part. In particular, it will be noticed
that this disagreement with the usual ion exchange mechanism predictions is greater
the greater the atomic number of the rare earths, that is the higher the hydrochloric
acid concentration range involved.

Fig. 10 shows how the slopes of the curves obtained by plotting log (x/Rp — 1)
against the logarithm of the effective HDEHP concentration on the paper vary when
the eluent concentration is varied. As a general rule, the slope 3 (as expected from
the ion exchange mechanism) is only obtained when the hydrogen ion activity of the
eluent is kept within the range where the slope is —3 in Fig. 9. When the H* ion
activity of the eluent is higher, slopes lower than 3 are obtained, reaching values as
low as I or even less.

These results are in agreement with the results reported in the literature,
although this may not become apparent at first sight since the extraction coefficients
were usually plotted against the stoichiometric H* concentration in the aqueous
layer and not against the H* activity which we have done, owing to the high HCI
concentrations involved.

Liquid-liquid extraction of the rare ecarths by HDEHP from HCl, HNO,,
H,SO, and HCIO, was first reported by PEPPARD ¢! al.1»10, Low acid concentrations
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Fig. 9. Plots of log (1/Rr — 1) vs. log ax+ for rare earths and yttrium. Paper treated with o.100 M
HDEHP. Slope of straight lines is — 3.
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Fig. 10. Plots of log (r1/Rp — 1) vs. log A[HDEHP]err for samarium, tcrbxum, holmium, and

vtterbium at various HCI concentrations of the cluent. Data are obtained from s:multaneous
clutions with paper treated with HDEHP at diffearent concentrations. .
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were used and the expected value of 3 for both coefficients b and ¢ in eqn. (4) were
found.

On the other hand, PIERCE AND PEcK!! and Pi1ERCE, PECK AND HOBBSs!? report
both liquid-liquid extraction and reversed-phase partition chromatography of rare
earths on columns with impregnated inert supports and with HDEHP as the ex-
tractant; aqueous solutions were in HC1O, or HCI, whose concentrations were rather
high. The logarithm of the extraction coefficients in liquid-liquid extraction, and the
logarithm of (1/Rr — 1) in reversed-phase chromatography were plotted by these
authors against the logarithm of the hydrogen ion concentration of the eluent, and
straight lines were obtained. By substituting the H+ activity for the H+* concentra-
tion, curves similar to those in Fig. g can be obtained.

Results of reversed-phase chromatography on paper treated with di-n-butyl
phosphate (a compound very similar to HDEHP), published by CvJETICANINIS,
after making the above mentioned substitution, also agree with our results. In this
latter work, furthermore, the reported values of coefficients ¢ for some rare earths
eluted with 4 M HCI are lower than the values obtained for other rare earths eluted
with the less concentrated 0.3 M HCI, the other experimental conditions being the
same,

A value of 2.5 has been recently reported by CHENG ¢! al.1* as the depend-
ence of the elution volume on the H+ activity in elutions of rare earths on HDEHP
columns with HCI concentration in the eluent ranging from 0.2 to 0.3 M.

We feel that the disagreement between the values of b and ¢ of eqn. (2) expected
from the simple ion exchange mechanism, and the results presented here, can be
explained by the dehydration effect already mentioned for the elements whose Rp
decreases as the HCl concentration increases in the high concentration range. For a
detailed discussion of this phenomenon we defer to future work®.

T horium and uranium .

No comments can be made on the extraction mechanism of thorium(IV), since
it is strongly retained by HDEHP at all the HCI] concentrations.

As already mentioned, experiments carried out with uranium (VI) on paper
treated with HDEHP solutions having concentrations varying from 0.100 to 0.0xo M
are shown in Fig. 2, and Fig. 5 shows the plots of log (x/Rr — 1) vs. log au+ from
which the coefficient & in egn. (4) may be obtained.

U(VI) behaves unusually when paper treated with 0.010 M HDEHP is used.
This behaviour may be attributed to an insufficient loading of the paper when treated
with such dilute HDEHP solutions. Insufficient loading is confirmed also when the
results obtained for most cations are correlated with the HDEHP concentration on
paper; in Fig. 6, for example, the values of log (1/Rpr — 1) for very low HDEHP con-
centrations are lower than would be expected from the results at higher concentra-
tions of the extractant.

The behaviour of U(VI) in liquid-liquid extraction with HDEHP has been
frequently described in the literature: a brief survey of the reported data will con-
firm the importance of both the hydrochloric acid and the HDEHP concentration
ranges in which experiments are carried out, and their effect on the mechanism of
extraction for a given ion, thus confirming the reasons we stated above for the dis-
crepancies between KIMURA's extraction data and our results.
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Most of the work on the extraction of uranium(VI) by HDEHP has been done
with dilute or moderately concentrated acid solutions (see for example the papers by
BAEs or PEPPARD, and their co-workers!5—17): all the results obtained led to the con-
clusion that the reaction responsible for the extraction of the uranium was:

UOg2+ + 2 (HDEHP)2 &= UOz (DEHP)z - 2 HDEHP +4 2z H+ (5)

i.e. coefficients b and ¢ in eqn. (4) are both equal to 2. Perchloric, sulphuric, nitric, and
hydrochloric acids have been used, and the reaction just mentioned was true for all
of them.

More recently, ASANO et al.}® have published some results obtained with the
above mentioned acids used up to very high concentrations in the aqueous phase,
It appeared that the reaction represented by eqn. (5) holds only if the H* activity
is kept below the value 1; with higher H+* activities, the behaviour of the distribution
coefficients is highly dependent on the nature of the acid used: for HCI, in particular,
a very much smaller slope than that of —2, which holds at the lower concentrations,
is obtained, having a value of about —o0.1. Similar abnormal behaviour with con-
centrated HNOg was also reported by GUREEV ef al.l®, Very recently, a paper by
SATO% reported Eg values for uranium(VI) extracted with HDEHP, at various low
concentrations, from HCI solutions which ranged up to high concentrations. By
plotting log Ej vs. log an+, straight lines can be obtained very similar to those
shown in Fig. 5, having slopes —2 and —1, the slope of —2 holding at the lower HCI
concentration range for the highest HDEHP concentrations.

With respect to the influence of the HDEHP concentration on the extraction
mechanism of U(VI), a recent paper by LASKORIN AND SMIRNOV2! deals with the
liquid-liquid extraction of uranium(VI) from phosphoric acid solutions with HDEHP.,
In this work, the value 2 for the coefficient ¢ is reported when the HDEHP concen-
tration is about o.x M, while a value of 4 for the same coefficient is reported with
a more dilute (lower than o.01 /) HDEHP solution.

Titanium, zivconium and hafnium :
Ry values equal to zero were found for these three ions for all HCl concentra-
tions. No information on their extraction mechanism is therefore obtainable.

Vanadium and niobium

Values for coefficients & and ¢ in the case of vanadium(IV) may be obtained
from the papers of KIMURA? (b = 4; ¢ = I1.5), BLAKE ef al.}6 (b = 4; ¢ = 2), and
LASKORIN ¢t al.22 (b = 2; ¢ = 2). The values b = 3 and ¢ = 4 were obtained from our
data. The different experimental conditions are probably responsible for the discrep-
ancies.

No literature data have been found for vanadium(III). Its behaviour in reversed-
phase chromatography is very similar to that shown by vanadium(IV).

The slight retention of niobium(V) can probably be ascribed to the partition
. phenomena on paper already mentioned for alkali ions.

Chronvium, molybdenum and tungsten
Chromium(III) runs with the front of the eluent; only at very high HCI con-
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centrations does it show a slight retention due to the already mentioned dehydration
phenomena.

It was not possible to ﬁnd a detection reagent capable of revealing the spots
of chromate at such low amounts as those dealt with. Therefore its behavmur was
not recorded.

Molybdenum(VI) and tungsten(VI) behave similarly: only highly concen-
trated HCI solutions were capable of displacing them a little, in accordance with
the results reported by LAsKoRIN and coworkers?? for molybdenum, in liquid-liquid
extraction systems. An attempt was made to obtain the values of the coefficients
b and ¢ in eqn. (4) from the Rp values, which never exceed 0.40. The results showed
that the same mechanism is responsible for the extraction of both ions, but it is
not, however, represented by reaction (2).

Manganese and vhenium

The values of 1.5 and 4 for coefficients b and ¢ are found for manganese(II).
Partial hydrolysis may be responsible for this behaviour.

Rhenium(VII) shows high Rp values. Its slight retention could be ascribed
to the partition mechanism on paper mentioned for alkali ions.

Iromn, cobalt and nickel

A discussion on the behaviour of the transition metals of the iron group has
been already published2. Worth mentioning here is a peculiarity of nickel and cobalt
ions, which sometimes showed a double spot in the HCl concentration range from
I-10~¢ to 3-10"2 M, when paper had been treated with o0.x M HDEHP. One spot,
as expected, ran with the front of the eluent, while the second, which appeared in
some cases, had a lower Ry value, which decreased the lower the HCI concentration.
This spot was only detected in some of the chromatograms out of a series of several
similar ones simultaneously eluted under the same conditions. No explanation
was found for this behaviour. When using paper treated with more dilute HDEHP
.solutions (from 0.075 M down), only the spot at the front of the eluent was detected.

A value of 1.5 for the coefficient b was obtained from the retained spots.

The behaviour of cobalt and nickel in liquid-liquid systems has been studied
in a sulphate medium by MADIGAN24, who reported the coefficient d to be lower than
2, in accordance with our results. Only nickel(II) has a value for coefficient b lower
than 2 in KIMURA's data.

The strong dehydration effect on iron(III) is noticeable; another pecuhanty of
theiron(IIT) ionisthealready reported? dependence of its Ry values on the elution time,
due totheslow rate to equilibrium of the exchange reaction responsible for its retention.

Rutkemum, rkodzum and palladium '

Ruthenium(III), rhodium(III) and palladlum(II always run with the front
of the eluent: they are partially retamed in the high HCl concentration range be-
cause of dehydratlon effects.

‘ Osmmm, zrzdmm and platmum
- Osmium is not reported since no suitable developlng reagent was found to
~detect it on the paper.
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Iridium(IV) and platinum(IV) ions run with the front of the eluent, being some-
what retained in the high HCI concentration range because of the dehydration effect.

Copper, silver and gold

Copper(I1) shows a second faint spot at the front of the eluent in the range ot
HCI concentrations in which it is normally retained by the stationary phase. This
spot appears with paper treated not only with o.1 M HDEHP, as for cobalt and
nickel, but also with more dilute solutions. The presence of monovalent copper as an
impurity may be an explanation of the spot at the front.

The value of coefficient b for copper is 1.5, in accordance with a value lower
than 2 reported by MADIGAN2? in the extraction of this ion with HDEHP from sul-
phate solutions. KIMURA'’s value is 2.

Silver(I) gave tailed spots when low Rp values were obtained. In this range
of acidity a slope of —2 was obtained from the plot log (x/Rp — 1) vs. log au+ in
Fig. 3. An explanation of both these facts may be incomplete dissolution of the silver
salt at insufficiently high HCl concentrations.

Gold(II1) has Ry wvalues of around 0.6 in the whole HCl concentration range
explored, up to about 3 M HCIl. With HCI concentrations higher than 3 M, two spots,
having different colours, are obtained, the former soon reaching a zero Rp value,
the latter being less retained. The retention at low HCI] concentrations may be as-
cribed to the partition phenomena already mentioned, for example, for alkali metals,
while the doubling of the spots at the high HCI concentrations will be dealt with in
another paper?, where the peculiar lowering of the Rp values for most elements,
when very concentrated hydrochloric acid is used as the eluent, will be discussed.

Zine, cadmium and meycury

Zinc(II) and cadmium(II) are the first ions considered in this discussion which
have values for the coefficient b which are in agreement with a mechanism involving
the eqn. (2). The same value of 2 is reported for coefficient b of both these ions by
LEVIN AND SABOLOsSK12%%, for extractions from H,SO, solutions.

Mercury(II) runs with the front of the eluent for the whole HCIl concentration
range explored.

Boron, aluminium, gallium, indium and thallium

Boron(IIl) is not retained by HDEHP at any concentrations of HCl in the
eluent.

The behaviour of aluminium(III), gallium(III), indium(III) and thallium(III)
has already been discussed?. It is worthwhile pointing out how gallium shows a greater
lowering of Rp values, due to the dehydration effect, than all the other cations
considered. The Ry value of thallium also considerably decreases in the high HCI
concentration range. On the other hand, a partition phenomenon similar to that
reported for alkali ions is thought to be responsible for the slight retention (Rp =~ 0.8)
shown by the latter ion in the whole HCl concentration range explored.

Although aluminium is reported?!® to have a slow exchange reaction, no depend-
ence of its Rp values on the elution time was noticed.

The peculiar behaviour of the above mentioned ions makes it possible to obtain
many interesting separations of them ; this has already been shown in a previous paper?2,
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Germanium, i and lead

Germanium(IV) was always found near the front of the eluent.

Tin(II) gave tailed spots in the whole range in which Ry values different from
zero were obtained. Nevertheless both tin(II) and lead(II) show values for the coeffi-
cient b in eqn. (3) in accordance with the reaction (2).

Arsenic, anlimony and bismuth
Both arsenic(III) and arsenic(V) ions run with the front of the eluent, arse-

nic(III) being slightly retained by a partition phenomenon in which little role is
played by the extractant present on the paper.

The behaviour of antimony(V) does not follow reaction (2); furthermore, at
the high HCI concentration values, coefficient ¢ becomes zero, i.e. it is independent
of the HDEHP concentration on the paper. A mechanism differing from ion exchange

has to be postulated.
The value of the coefficient & for bismuth(III) is in accordance with the above

mentioned reaction. In conclusion, the only ions which can be considered to exhibit
such behaviour are zinc(Il), cadmium(II), tin(II), lead(II), and bismuth(III), to-
gether with the already reported strontium(Il) and barium(II).

Selenium and tellurium
Both selenium(IV) and tellurium(IV) run with the front of the eluent. They

show, however, a different behaviour in the high HCI] concentration range, when tel-
lurium is retained more than selenium. Also a slight retention (Rp =< 0.8) is shown
by tellurium over the whole range considered, probably due to the partition effect
already mentioned in the case of alkali metals.

CONCLUSIONS

The Ry data reported in Figs. 1, 2 and 7 are sufficient to suggest many interest-
ing separations of ions by elution with hydrochloric acid of a suitable concentration
on paper treated with HDEHP. Many examples of such separations have already
been reported?4,%,26,

The data are also useful to predict separations of mixtures of ions by eluting
them on columns prepared with inert supports treated with HDEHP: the higher
capacity of the columns allows the separation of relatively large amounts of sub-
stances.

Sometimes, however, especially when very concentrated eluting solutions are
used, the results obtained with paper and with these columns do not coincide, since
the supports used for the column do not always behave as really inert ones: columns
of treated cellulose powder are naturally the ones whose behaviour is closest to that
of the paper sheets.

The reversed-phase paper chromatographic technique may also give useful
information which will help to elucidate both the mechanism of retention on paper
or columns and the mechanism of extraction in the liquid-liquid systems.
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SUMMARY

The behaviour of 67 cations in reversed-phase partition chromatography on
paper treated with di-(z-ethylhexyl) orthophosphoric acid was investigated. Hy-
drochloric acid was used as the eluent in a concentration range of 10 M to 1-10™% M.
For 48 cations the quantity (1/Rp — 1) was related to the hydrogen ions activity in
the mobile phase and to the effective HDEHP concentration on the paper.

The chromatographic behaviour was correlated to that in analogous liquid-—
liquid extraction systems.

Particular attention was devoted to U(VI) and to the rare earths group of
metals. :

REFERENCES

1 D. F. Peprparp, G. W. Mason, J. L. Maier aNnnD W. J. Driscorwn, J. Inorg. Nucl. Chem., 4
(1957) 334.

2 E. CErrAI AND G. GHERSINI, J. Chvomalog., 18 (1965) 124.

3 D. C. STEWART AND H, W. CrRaANDALL, J. Am. Chem. Soc., 73 (1951) 1377.

4 E. CERRATI AND G. GHERSINI, J. Cliroinalog., 15 (1964) 230.

5 I&. CERRAI AND G. GHERSINI, J. Chirvomalog., 13 (1964) 211.

6 E. CERRAI AND C. TEsTA, J. Chromatog., 8 (1902) 232.

7 K. K1MURraA, Bull. Chem. Soc. Japan, 33 (196o) 1038; and 34 (1961) 63.

8 R. A. RoinsoN AND R. H. StokEs, Llectrolyle Solutions, Butterworths, L.ondon, 1959, pp. 491
and 504.

9 E. CERRALI AND G. GHERSINI, to be published.

10 D. F. Perrarp, G. W. MasoN, W, J. DriscorLL aND R, J. SiRoNEN, J. Inorg. Nucl. Chem., 7
(1958) 276.

11 T. B. Pi1ErcE AND P. F. Prck, Analyst, 88 (1963) 217.

12 T. B. PiercE, P. F. Pick AND R. S. Hogss, J. Chromatog., 12 (1963) 81,

13 N. CVJETICANIN, Bull. Boris Kidri& Inst. Nuel. Sci., 15 {1904) 201,

14 H. S. Cueng, C. H. KE, C. Y. LIN AND J. W, WINCHESTER, J. Chinese Chem. Soc., 10 (1963) 8o.

15 C. A. BLAKE Jr., C. F. Bais Jr., K. B. Brown, C. F. CoLEMAN AND J. C. WHITE, Proc. Intern.
Conf. Peaceful Uses At. Energy, Geneva, 1958, Vol. 28, p. 289.

16 C. . Bars Jr., R. A. ZINGARO AND C. F. CoLEMAN, J. Phys. Chem., 62 (1958) 129.

17 D. F. Peprarr, G. W, Mason, I. HUucHER axDp F. A, J. A. BraNDAO, J. Inorg. Nucl. Chem.,
24 (1962) 1387.

18 M. AsANO, Y. OkaJiMA AND T, NisHi, Kyolo Univ. Lngng. Reseavch Inst. Techn. Report, No. 107,
Kyoto, 1963,

19 E.YS. GUREEV, S. M. KarracHEVA, M. N. Rvjov, V. S. SmELov, E. G. TETERIN, V. G, TIMOSHEV
AND 1. K. Saversov, Proc. I'ntern. Conf. Peaceful Uses At. IEnergy, Geneva, 1964, Vol. 10,
p- 358.

20 T. SaTto, J. Inorg. Nucl. Chem., 27 (1965) 1853, :

21 B. N. LASKORIN AND V. . SMIrNOV, Z/A. Prikl. Khim., 38 (1965) 2226.

22 B. N. LASKORIN, V. S. ULIANOV AND R. A. SVIRIDOVA, Zh. Prikl. Khim., 38 (1965) 1133.

23 B. N. LaskorIN, V. S. ULiaNoVv AND R. A. SVIRIDOVA, Zh. Priki. Khim., 35 (1962) 2409.

24 D. C. MaDIGAN, Australian J. Chem., 13 (1960) 58.

25 1. S. LEvIN AND T. V. SABoLosKI, Dokl. Akad. Nauk SSSR, 139 (1961) 158.

26 E. CERRAI AND G. GHERSINI, J. Chvomatog., 16 (1964) 258.

J. Chromatog., 24 (1966) 383-401



