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SUMMARY ’ 

Rp values for 52 metals obtained on DEAE-cellulose in binary solvent systems 
were surveyed to evaluate the use of DEAE-cellulose in inorganic thin-layer chroma- 
tography. Xp values were measured as a function of hydrochloric acid concentration 
in binary solvent systems consisting of hydrochloric acid and an organic solvent 
(I :20) such as methanol, ut-butanol, acetone, tetrahydrofuran, acetic acid and 
cyclohexanone. Useful multicomponent separations are presented to demonstrate 
the use of Xp measurements for predicting separations in these solvent systems. 
All the solvent systems tested also afford separations of particular metals when the 
organic solvent and hydrochloric acid concentrations are specifically selected; thus, 
As (III) and Ge can be separated from fifty metals specifically as well as from each 
other. Ion-exchange and partition distribution were proposed as the mechanisms 
controlling the metal behavior on DEAE-cellulose for the methanolic acid system 
and for the other five solvent systems, respectively. 

INTRODUCTION 

An increasing number of papers have recently been published on the subject of 
thin-layer chromatography (TLC). The growth and acceptance of inorganic TLC 
have been noted in reviews of LEDERER~ and NICI<LESS~. A bibliography of paper 
and thin-layer chromatography covering the period rg6r-1965 has also appeareda. 
Most work on inorganic TLC has been done on silica gel or alumina as adsorbent. 
Other materials have been used for a few separations. 

Work in our laboratory using dilute aqueous chloride-tbiocyanate solutions 
has shown that DEAE-cellulose (diethylaminoethylcellulose) can be successfully 
used for the consecutive separation of Re, MO and W4, separation of noble metals 
from base metals5 and a specific separation of Hg(II)“. However, few metals show 
adsorption on DEAE-cellulose in aqueous solutions. 

In order to extend the application of DEAE-cellulose for inorganic separation 
and to investigate a new adsorbent for inorganic TLC, we have examined the chroma- 
tographic behavior of a number of metals on DEAE-cellulose in binary solvent 
systems consisting of hydrochloric acid and an organic solvent. The solvent systems 
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investigated allow a number of useful multi-component separations to be conducted. 
Specific separation methods can ‘also be developed for particular metals by selecting 
a proper concentration of organic solvent and hydrochioric acid. 

hCPER1MENTA.L . 
, 

Stock sol&ions of met& 
For most metals o.r-o.or M stock solutions (in 0.x M HCl) were’ prepared from 

‘their chloride, oxide or metal. For Bi(IH), Sb(II1) and Sn(IV), the acidity of stock 
solutions was raised to 3 M NC1 to prevent hydrolysis. AgN08 and Pb(NO;)i were 
dissolved in deioniied water. to prepare 0.1 M stock solutions. Ammonium or sodium 
salts of Mo(V1); Re(VII), Se(W) and Te(IV) were each dissolved in deionized water 
to give z-r.0 mg/ml. For preparing a Nb(V) stock solution, ca. IZO mg of Nb& were 
fqsed with 3 g of K&O,, and the resuhing melt was taken up into IO ml of I M 
tartaric acid. 

Pmg!3aratiort of plates 
. 

. - - 
A weakly basic cellulose anion exchanger, DEAE (d.iethylaminoethylcellu.lose, 

Serva, for TLC), was used as adsorbent. For comparison microcrystalline cellulose 
Avicel .SF (Avicel Sales Division, FMC Corp., Marcus Hook, Pa.) was also used as 
adsorbent. About IO g of SDEAE-cellulose were slurried with 200 ml of 0.5 M NH&l 
solution, adjusted to pH z with HCl, and stirred mechanically for I: h. DEAE- 
cellulose then was washed with a sufficient amount of 0.i M WC1 and ltinally with 
deionized water; after each wash the aqueous phase was removed by centrifugation. 
A 5-g portion of DEAE-cellulose in the chloride form thus prepared ivas slurried 
with 15 ml of watep,ae_d spread to a 25o-pm thickness on 3x mm x 200 mm glass 
plates. The plates were allowed to dry at 40” for 24 h and were stored in a desiccator 
over a saturated KBr solution for at least one week. . 

For the preparation of microcrystalline cellulose plates, a 5-g portion .of the 
adsorbent was blended with 15 ml of deionized water, and the mixture was spread on 
31 mm x 200 mm glass plates to a thickness of 250 pm. Avicel plates were dried 

. and stored as above, - 

A j!$licati& 
. 

A sample or stock solution, usually I 
from one edge by using a micropipette, and 

(~1, was applied to the dry plate 1.5 cm 
the’ plate was allowed to dry for 30 min 

before insertion into a chromatographic tank. The plate then was placed in the tank 
(24.0 cm x 23.0 cm x 12.5 cm) containing a solvent boat (21.5 cm x 2.5 cm x 2.0 Cm) 
holding 21 ml of the developing solvent and allowed to stand for I h to equilibrate. 
Then, the plate was immersed in the solvent and developed until the solvent front 
had’ risen 17 cm. All the developments were conducted at a constant temperature of 
30.0 * O.IO. 

. . 
Solved systems 1 

All solvent systems tested,were *binary, consisting of an organic solvent and 
‘hy&ochloric acid, and the ratio of 20: I was kept constant throughout the work. 
Six, organic solvents, including methanol, +z-butanol, acetone, tetrahydrofnran, acetic 

J= C~r~dag., 47 (w70) 453-463 
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acid and cyclohexanone were-used; each was mixed with I, 6 and 12 n& HCI, thus 
making eighteen developing solvent systems. The liquid phase was usually home 
geneous, except ,for the cyclohexanone-r M HCl system, from’ which the upper 
organic layer was taken as the developing solvent. 

After development the plate was dried under an infrared lamp, and the positions 
of inetals were located by spraying with one of the agents summarized as follows: 

For Cr(IH) and Ti - zo YO aq. H20a.. Cr(lI1) was first sprayed with I M NaOH, 
followed by HsOs. 

For Se(IV) and Te(lV) 1x0 y0 SnClz in 3 M HCl. 
For Al, Be and I?._- 0.1 y0 alizarin in I M NaOH. 
For Ca and Mg - 0.1 0/O thymolphthalein complexone in dilute ammonia. 
For Bi(III), Mo(VI), Re(VII), Sb(III), Sn(IV) and W(V1) - 0.1 y0 dithiol in 

0.25 M NaOH. Mo(VI), Re(VI1) and W(VI) were first sprayed with dithiol, followed 
by HCl. 

For Hg( II), Tl( I) and Zn - 0.x y0 dithizone in chloroform. 
For Ga - 0.5 ,yO Rhodamine B in 6 M HCl. 
For Mb(V) - 0.1 y! aqueous tannic acid. 
FOP Hf, rare earths, SC, Th, ‘U(VI), Y and Zr -0.05 % aqueous arsenazo ILL 
For Ag,.Au, Cd, Co, Cu(II), Fe(EII), Ir(IV), Ni, Pb(II), Pd(II), Pt(IV), Rh(II1) 

and Ru(II1) -dilute colorless sodium sulfide solution. 
For Ba and Sr - 0.1 y0 aqueous sodium rhoclizonate. Rhodizonate was first 

applied, followed by exposure to ammonia. 
For Ge - 100 mg of. phenylfluorone dissolved in I. ml of HCl and diluted to 

100 ml with ethanol. 
For As(III), Mn(I1) and V(IV) - 2 % silver nitrate-ammonia solution (3: I). 

&SULTS AND DISCUSSION . . 

Ads&vptitm behavior avtd separation of metals . 

RJV values of 52 metals on DEAE-cellulose in six’ solvent systems (organic 
solvent=HCl) are listed in Figs. I and 2 and in Table I. For comparison in Table II 
Rp values are given for the same metals chromatographed on microcrystalline 
cellulose Avicel SF using three organic solvent-6 M HCl systems. The use of micro- 

7-Q crystalline cellulose has been previously reported for separations by inorganic TLC. 
However, only limited ‘information is available, and systematic study is still lacking 
for a number of metals. 

& values for metals chromatographed on’ DEAE-cellulose in the methanol- 
WC1 system (Fig. I) suggest that many analytical separations may be possible by 
selecting a proper concentration of HCl.’ One distinctive feature of this solvent 
system is that the first transition elements, except for Zn, indicate high Rp values, 
while the second transition elements, except for Mo(VI), show very low Rp values 
over the HCl concentration range tested. Platinum group metals actually remained 
at the start. A great advantage of the methanol-NC1 system is that the spots remain 
small, except for those of Ru(IL1) and Rh(II1). In all the other solvent systems Rp 
values increase with increasing concentration of WC1 or have a constant value near .__ * *,a.,. 
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zero. irrespective of ‘the HCl concentration, although sometimes RF vaIues pass’ 

through, ‘a broad’ maximnm, In. n-butanoLHC1 most metals remain at. or near the 
start civer the wide HCl concentration range, while only a few. metals exhibit high 
RJQ values. As(III), Au, .Ga,’ Ge, Re(VI1) and Sk(IV) are among the ‘latter,, ,thus 
b,eing separated specifically from’many- other metals. This is also the case for acetic 
acid-HCl, in which only a limited number of metals; including the alkaline earths 
As(III), Au, Ga, Mo(VI), Re(VII), Se(IV) and 311(I), exhibit high RF va.l~~.~ RF 
values tend’ to increase with increasing concentration of HCl. 

,RF ‘values for metals chromatographed in acetone, tetrahydrofuran az&cycIo- 
hexanon,e-WC1 systems. cIearly indicate useful separatioxi procedures for many 
metals studied. Inspection. of ~relevant RF values wilk show whether ‘a separation is 
feasible and what the most’ favorable concentration of HCl should be. It is note- 
worthy that these systems also afford very specific separaltion procedures for particular 
metals, when a proper concentration of HC1 is_ selected. In cyclohexanone-1 JZ HCl 
Au, Sb(III), Se(IV) and Sn( IV) can be separated very specifically from a number of 
met& A limited number of metals including Au; Pe(III), Ga and Tl(1) exhibit .aii 
RF; value of nearly unity in, acetone-HCI, irrespective of NC1 concentration, thus 
being separated very specifically. The same metals and Sn(IV) also indicate the 
highest Rk value of unity in tetrahydroftiran-NC1 over the HCI concentration 
range tested. Thus, specific separation of these metals is also possible. 

Solvent systems developed for multi-component mixtures are illustrated ‘in 
Table III to demonstrate the use of'& value measurements for separations. 

Factws contvollitig the RF vultces 
On DEAE-cellulose RF trends observed as a function of HCl concentration 

in methanol-HCl~generaUy closely parallel those in the anion-exchange systems 
reported by RRAUS AND NELSONJ~O, with some exception for Ga, Ge and Mo(V1). 
This suggests that the mechanism of metal distribution on DEAE-cellulose in 
methanol-HCl is dominantly controlled by ion exchange. Except for those metals 
which show hydrolytic behavior (25, Hf, Nb, W(V1)) or which precipitate (Pb(II)), 
the,metals remaining at or near the start on DEAE-cellulose over the HCI concen- 
tration range tested are among those which form the strongest chloro-complexes, 
including Bi(III), Cd, Hg(II), platinum,group metals and Zn. 

We have previously reported that only an extremely limited number of metals, 
including Hg(II)@, Pd(I1) and Pt(IV)s and W(VI)a, can adsorb on DEAE-cellulose 
in pure aqueous media, usually dilute chloride-thiocyanate solutions. This enabled 
us to develop very specific c,olumn procedures for these metals using an aqueous 
chloridethiocyanate system. Because of the extremely high afTmity of DEAE- 
cellulose to simple anions like Cl- or SCN-, distribution coefficients for these metals 
decreased rapidly with increasing concentration of Cl- and/or SCN-. Therefore, 
in order to extend the application of DEAE-cellulose to many other metals, reduction 
of the ‘concentration of Cl- as well as promotion of the formation of chloro-complexes 
of ,metals seem to be primary requirements. In the aqueous solution a reduction of 
Cl-. concentration will inevitably cause the dissociation of chloro-complexes. On 
the contrary, the addition of increasing amounts of methanol wilI reduce the HCl 
concentration and alsd favor reduction of the concentration of water molecules 
around the cations, thus leading to the .destrizction of the hydration cloud around 

. 
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TABLE III 

SOLVENT SYSTEMS FOR THE SEPARATION OF MULTI-COMPONENT MIXTURES 

Abbreviations: MeOH = methanol, BuOH = n-butanol, AC = acetone, THF = tetrahydrofuran, 
HOAc = acetic acid, CYCH = cyclohexanone. 

Elements separated (RF x zoo) Developing solvent 
used (20 : I) 

Mg (g3-So)-Ca (56-4g)-Sr (38-27)-Ba (21-10) 

Ni (76-6g)-Au (53-46)-Cu(II) (zq-14)-Ag (3-o) 
Be (g8-88)-Sc (83-72)-Th (51-43)-U(V1) (Ig-IO)--Zr (3-o) 
Al (loo-g4)-Sc (88-75)-Th(5g-37)-U(V1) (17-6) 
Ni (g4-83)-Cu(I1) (zq-I6)-Zn (5-o) 
Se(IV) (71-65)-Te(IV) (q-17) 
Cr(II1) (g8-g1)-Mo(V1) (72-o) 

Th (64-47)--UWI) 6=47)--Zr (3-o) 
Cu(I1) (38-26)-Ag, Bi(III), Cd, H&II), Pb(I1) (12-o) 
Rare earths (82-56)-Th (49-23) 

MoOH-12 M HCl 
MeoH- M HCl 
MeOH- M HCl 
Me0H-12 M HCl 
MeOH- M HCl 
MeOH- M I-ICI 
MeOH- &I HCl 
McOH-3 M HCl 
MeOI-I-I M HCl 
MeOH- M I-ICI 

Se(W) (73-67)-As(II1) (63-55)-Ge (26-14)-Te(IV) (I 1-4) BuOH-I M HCl 

Fe(II1) (Ioo-g8)-In (7g-71)-Cu(I.1) (64-5g)-Co (57-51)- 

Mn (41-35)-V(W) (zo-x6)--Ni (5-o) 
Fe(III) (94-go)-In (78-69)--Zn (54-49)-Cu(II) (42-37)- 

Co (x2-7)-Ni (5-o) 

AC-~ M HCl 

AC-I M HCl 

Au (g7-92)-Cu(II) (63-57)-Ir(IV) (42-36)-Pd(II) (33-16) 
Tl(1) (gg-g2)-Zn (68-63)-Co (37-33)-Mn(I1) (24-Ig)-Ni (10-3) 
Sn(IV) (99-w)--Fe(III) (77-49)---CuUI) (40-3~)---Zn (36-33)--- 

THl?-6 M HCl 
THF-6 M HCl 

Al (4-o) TI-IF-I JM HCI 

Ge (g7-g2)-As(II1) (87-80)-50 elements (17-0) HOAc-I M I-ICI 

Au (gI--85)-Pt(IV) (I7-12)-Rh(II1) (8-o) 
Au (g7-84)-H&11) (48-24)-Pb(II) (13-o), Pd(I1) (IO-O) 
Sn(IV) (7x-6g)-Sb(II1) (62-57)-As(II1) (zo-x5)-Pb(I1) (IO-O) 

CYCH-12 M HCl 
CYCH-12 M HCl 
CYCI-I-I M HCl 

the cations. This effect allows the chloride complexes to be formed at a lower concen- 
tration of WC1 and may enhance differences in the tendency of chloride complex to be 
formed. Because of a low concentration of Cl-, the chloro-complex anions may 
easily enter the exchange sites without competing with Cl- for the sites. Thus, the 
weakly basic anion exchanger DEAE-cellulose can behave in methanol-WC1 as 
if it were a strongly basic anion exchanger in an aqueous HCl system. There are 
no substantial differences in RF values on DEAE-cellulose and Avicel for such metals 
as the alkaline earths, the rare earths, Al, Th, Ti, etc., which do not form chloro- 
complexes. In these case the usual partition mechanism may dominate to control the 
distribution of metals. 

RF values for metal ions chromatographed in much less polar cyclohexanone- 
HCl systems indicate that there are generally few marked differences in RF values 
on DEAE-cellulose and Avicel. In contrast to the methanol-HCl system, metals 
forming strong chloro-complexes tend to migrate upwards, irrespective of adsorbents, 
while those forming no chloro-cdtiplexes exhibit strong retention at or near the 
start. 

BoswmL AND BROOK@ reIjorted that chloro-complexes of many metals are 
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extracted into cyclohexanone and that trends observed in the solvent extraction 
systems closely parallel those in the anion-exchange systems reported by KRAUS AND 
MISLSON1O. Consequently, it can be expected that metals forming no chloro-complexes 
may remain at or near start, while chloro-complexes may advance with the cyclo- 
hexanone-WC1 solvent. Of the competitive mechanisms, ion exchange and partition, 
the latter prevails, so that there is no marked difference in Rp values between DEAE- 
cellulose and Avicel, although the contribution of ion-exchange distribution cannot 
be completely ignored for some metal ions. Thus, Rp values on.-DEAE-cellulose are 
always a little lower than those on Avicel for Cd, Hg(II), platinum group metals, 
Zn, etc., which form the strongest chloro-complexes, 

RF values for metal ions chromatographed on DEAE-cellulose and Avicel in 
acetone-HCl rather resemble each other and, on the whole, those in cyclohexanone- 
HCl. Metals forming chloro-complexes tend to migrate upwards, while the other 
metals remain at the start for both DEAE-cellulose and Avicel. As before, the 
partition distribution must have an important role in determining Rp values, Again, 
for the metals forming the strongest chloro-complexes, much lower Rp values are 
observed on DEAE-cellulose than on Avicel, probably because of a partial contribution 
of the ion exchange. 

We did not obtain Rp data on Avicel in n-butanol, tetrahydrofuran and 
acetic acid-HCl systems. Rp values for metals on DEAE-cellulose in these solvents 
are, however, generally close to those in cyclohexanone-HCl so that metals are also 
thought to be distributed on DEAE-cellulose dominantly by the mechanism of 
parti.tion in these solvent systems. It may be concluded that the utility of a weakly 
basic anion exchanger will generally be increased by using it in mineral acid media 
containing increased amounts of a proper organic solvent like methanol. 

Similar results with some ions and some solvent systems have been obtained 
on DEAE-cellulose papeP. 
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