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The chromatographic behavior of 40 metal ions is studied on
titanium (IV) arsenate, titanium(IV) phosphate-, titanium (IV)
molybdate-, titanium(IV) tungstate-, and titanium(1V) selenite-
impregnated papers in 0.1M oxalic, citric, and tartaric acid as mobile
phases. Similar studies are carried out on Whatman No. 1 papers
for comparison. The ion-exchange capacity of these papers is
determined, and their selectivity for different cations is discussed.
The mechanism of migration is explained in terms of ion-exchange,
precipitation, and adsorption. The prediction of elution sequence
from Ry values is also checked. The average Ri is found to be almost
linearly dependent on the charge of the metal ions. The effect of
the pK, of complexing acids on average Ry values of 3d series

metal ions is explained. A number of binary and ternary separations
are achieved.

Introduction

Titanium(IV) based inorganic ion-exchangers have been found to
possess promising thermal and chemical stability and have been
used in the column chromatography (1,2), thin-layer chro-
matography (3,4), and paper chromatography (5-13) of metal
ions. Papers impregnated with these materials are highly selec-
tive for metal ions, and a number of metal ion separations can be
achieved. However, the methods of preparation of these papers
have not always been the same in the last 25 years, and their ion-
exchange capacity was not determined. It is therefore important
that papers impregnated with various titanium(IV)-based
exchangers should be prepared again, their ion-exchange
capacity determined, and selectivities for metal ions studied.

In earlier studies, noncomplexing substances were generally
used as a mobile phase, and in only one case was a complexing
acid eluent used (14). In order to enhance the separation poten-
tial of these papers, therefore, it is desirable to combine com-
plexation with ion-exchange. It is observed that the combined
effect of these two separation mechanisms leads to much better
separation possibilities.

* Author to whom correspondence should be addressed.

The titanium(IV)-based exchangers show high selectivity at low
pH and decompose at high pH. As such, weak acids were chosen
as mobile phases in order to prevent the hydrolysis of the
exchange material. Appropriate complexing acids chosen for
evaluation included oxalic, citric, and tartaric acid.

Experimental

Apparatus
Chromatography was performed on 15- x 3.5-cm Whatman
(Clifton, NJ) No. 1 paper strips in 20- x 5-cm glass jars.

Reagents

Titanium(IV) chloride (Reidal, Germany) was used. All other
chemicals and solvents used were of analytical reagent grade
from B.D.H. (British Drug House, London, England).

Preparation of ion-exchange papers

Papers impregnated with titanium(IV)-based inorganic ion-
exchangers were prepared in the same manner as the tita-
nium(IV) arsenate-impregnated papers reported earlier (13). In
the case of titanium(IV) phosphate-impregnated papers, the ones
prepared using sodium dihydrogen phosphate (NaH,PO,) were
chosen for chromatography.

lon exchange capacity

All impregnated papers were found to possess considerable ion-
exchange capacity. For Na* ions (Na*—H* exchange), the ion-
exchange capacity in mequiv-per-gram of treated papers was
determined by column experiments (saturation method) (15).

Test solutions
The test solutions were generally 0.1M in metal nitrate or chlo-
ride and were prepared as described previously (16).

Detectors
Conventional spot test reagents were used for detection pur-
poses.
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Results and Discussion

The conditions of preparation and the ionexchange capacity of
the treated papers are given in Table I. Chromatography was per-
formed on titanium(IV) phosphate (TiP) , titanium(IV) tungstate
(TiW), titanium(IV) molybdate (TiMo), titanium(IV) selenite
(TiSe), and titanium(IV) arsenate(TiAs) papers in the following
mobile phases: My, 0.1M oxalic acid; My, 0.1M citric acid; and M5,
0.1M tartaric acid. The same mobile phases were used for
Whatman No. 1 papers for comparison. In the case of different
sets of papers impregnated with TiP and TiSe, the papers having
higher ion-exchange capacity were chosen for studies. The Ry
values of metal ions are summarized in Table II. In many
instances, it is possible to separate metal ions. Some useful sepa-
rations were actually achieved on impregnated and Whatman No.
1 papers. The saliant features of this study are described in the fol-
lowing sections.
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Effect of impregnation

In order to study the effect of impregnation, R; values (Rp on
Whatman No. 1 paper — Rp

on impregnated paper) for all metal ions were calculated. For
metals with R; > 0.6, the following conclusions can be drawn.

First, on TiW-impregnated papers, Cu?+, Ba2*, and Rb* in 0.IM
oxalic acid; Bi+, U0+, VO, Zn2+, La3+, Pr3+, and AP+ in 0.1M
citric acid; and K+, Ni**, and Se#+ in 0.1M tartaric acid media
show a higher degree of adsorption.

Second, with TiAs-impregnated papers, Fe3+, U0+, VO?*, and
Co%t in 0.1M tartaric acid; Bi3* and AB* in 0.1M citric acid; and
Pdz+, T2+, Zn?+, and MoS+ in 0.IM oxalic acid media are selectively
adsorbed.

Third, Sm3+, CU2+, and Nd3+ in 0.1M oxalic acid; Sh3+, Bi3+,
Cd?+, and Sn** in 0.IM citric acid; and Fe3+, U02+, VO2+, Fe2+, and
Cr3* in 0.IM tartaric acid media are selectively adsorbed on TiMo-
impregnated papers.

Fourth, TiP-impregnated papers in 0.1M citric acid are highly

selective for Co?+ and Mo+, The same is true on

TiSe-impregnated papers for Hg2+, Al3+, and Sr2+
Table 1. Composition and lon-Exchange Capacity of Titanium(IV)- due to higher adsorption on these papers.
Based lon-Exchange Papers
Paer ted with Concentration of s (M) | h it Precipitation effect
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2a Titanium(IV) phosphate* ~ 0.50 0.50 0.34 UPOH mixing a SOll.ltlon of metal ion Wlt,h
2b. Titanium(V) phosphate! 050 0.50 0.10 sodium tungstate solution followed by 0.1M citric
3. Titanium(V) arsenate 0.25 0.25 030 acid, a precipitate was obtained for Hg?+, Ag*, Bi®+,
4. Titanium(IV) tungstate 0.25 0.25 0.35 UO%+, Zr*+, and La3+. For these metal ions, the
5a. Titanium(V) selenite 0.10 0.20 0.10 zero or very low Ry values on TiW papers in 0.IM
5h. Titanium(lV) selen?te 0.05 0.05 0.05 citric acid media are therefore due to a precipita-
5¢. Titanium(V) selenite 0.50 0.50 0.38 tion mechanism. In order to simulate conditions
on other impregnated papers in different mobile
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Figure 1. Plots of Average RF versus pK;: @, titanium(IV) molybdate; x, titanium(IV) phosphate; B, Titanium(IV) tungstate; x, titanium(IV) selenite; *, titanium(IV)
arsenate.
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metal ion solution followed by the addition of the mobile phase
used. Various metal ions were precipitated under these condi-
tions (Table III).

For all those metal ions, zero or very low Ry values are due to a
precipitation mechanism. In contrast, for metal ions having zero
or very low Ry values on What man No. 1 papers, no precipitate
was obtained upon the addition of metal ion solution with the
mobile phase used (Table III). Thus, the zero or very low Ry
values of metal ions on Whatman No. 1 papers in these mobile
phases is probably due to interaction with the paper matrix, as in
the case of Ag* and Hg2

Prediction of elution sequence

The chromatographic behavior of metal ions on ion-exchange
columns and on impregnated papers using the same exchangers
is quite interesting. The Ry values of metal ions are related to
their distribution coefficients (Kd) on titanium(IV)-based
exchangers. For higher distribution coefficients, lower Ry values
were observed. This behavior is expected, because when Kd is
higher, the ion is more strongly held by the ion-exchanger and
less easily allowed to move further, giving a lower Ry value. This
trend was confirmed by determining the Ry values of some
common metal ions on all the impregnated papers in demineral-

Table Il. R; Values of Metal lons on Titanium(IV)-Based lon-Exchange Papers in Complex-Forming Acid Mobile Phases
Cation  Titanium(1V) arsenate Titanium(1V) phosphate Titanium(IV) molybdate ~ Titanium(IV) tungstate  Titanium(1V) selenite ~ Whatman No. 1
Mmi M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3
Ag* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb2+ 0.10 0.04 0.09 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.05 0.09 0.00 0.00 0.00 0.00 0.88 0.95
Cu?* 046 023 017 0.68 0.08 0.08 011 0.40 049 0.07 037 0.34 010 T 006 095 0.95 093
Sh3+ 014 018 029 0.06  0.00 0.04 T 018 o0mn 0.04 0.04 0.05 NDt ND ND 0.86 0.89 0.97
Bi3* 013 008 003 0.08 0.00 0.00 0.38 0.11 0.00 0.15 0.00 0.04 0.00 0.04 0.00 006 0.80 T
Td2 038 0.80 074 070  0.00 0.00 T 062 035 0,48 029 0.70 0.09 0.07 0.07 0.89 0.90 0.90
Cd 024 006 0.12 021 0.06 0.08 0.65 015 079 0.38 0.43 0.65 011 013 013 093 0.87 0.95
Hg 2+ 079 076 0.76 076 074 070 043 075 0.64 0.73 038 0.67 035 073 0.68 0.84 079 0.75
Hg%“r 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.16 0.00 0.00 0.00 0.00
T 032 071 067 0.78 0.02 0.00 0.87 0.69 0.48 0.30 039 0.57 012 T 0.09 090 0.85 0.87
Sné+ 007 012 012 ND 021 022 T 006 037 ND ND ND ND ND ND 0.77 0.77 0.79
Sn2* 029 012 012 008 0.05 0.05 0.06 0.08 0.06 020 0.15 030 0.00 0.00 0.00 0.87 0.86 0.85
Fe3+ 0.14 0.05 0.00 0.65 0.00 0.00 0.67 070 0.00 041 0.06 0.10 0.30 0.00 0.00 092 095 095
uo ND 011 0.07 ND  0.00 0.00 043 038 0.00 ND 0.00 0.50 0.06 0.00 0.06 0.97 093 094
VO 040 031 0.1 0.78 0.08 0.04 0.82 046 0.03 0.57 029 0.46 0.30 0.08 0.07 093 093 097
Fe2+ 028 0.0 0.13 0.27  0.00 0.00 0.56 070 0.16 0.16 0.10 0.14 0.16 0.06 0.06 093 093 097
In 008 018 040 T 0.10  0.06 045 050 048 0.53 0.08 0.70 0.10 0.10 0.08 096 090 094
Cr3+ 016  0.07 0.05 T 0.08 0.10 036 050 0.15 0.04 0.10 0.87 0.06 0.03 0.00 0.98 0.87 0.90
Mn 2+ ND 030 026 074 074 0.69 045 030 055 0.40 0.59 0.68 022 017 0.07 0.85 0.95 0.90
CaZt 076 0.50 0.66 072 070 078 0.51 070 0.64 041 046 0.68 011 022 020 0.94 0.80 0.90
Zr#* 0.00  0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 090 090 T
Th# 0.05 0.00 0.00 0.00 0.00 0.00 0.02 0.84 0.00 0.08 0.00 0.06 0.00 0.13 0.00 0.89 0.90 0.89
Ce# 0.00 0.00 0.00 0.81  0.00 0.00 0.75 0.02 0.08 0.48 0.11 0.06 0.00 0.00 0.00 0.89 0.90 0.95
Ce3* 010 012 012 0.04 T 0.12 055 054 T 0.13 0.16 0.10 0.09 011 0.08 091 0.90 0.95
La3+ 040 0.0 0.12 0.00 010 0.05 0.00 0.00 0.08 0.34 0.00 0.15 0.05 0.09 0.10 097 094 0.95
Sm3+ 0.09 010 0.1 005 015 T 0.04 070 022 029 028 0.35 0.09 017 0.12 095 092 095
Pr3+ 013 012 012 0.02 012 o0omn 030 080 0.34 0.30 0.24 0.83 0.07 0.08 0.09 092 090 093
Nd 3+ 022 013 029 0.08 T 0.15 016 079 0.40 0.36 037 0.81 0.06 0.06 0.09 094 089 0.97
Al3+ 039 013 0m 045 ND ND 0.64 053 046 0.15 035 0.82 0.10 0.48 0.40 096 093 092
Ba3* 068 017 013 010 010 0.04 0.19 0.08 0.00 0.05 0.28 040 0.04 0.08 0.07 0.92 090 091
Sr2+ 074 0.67 067 069 072 072 0.63 054 036 0.68 041 0.59 0.00 021 030 0.95 097 095
K* 025 042 031 012 012 015 0.50  0.65 0.65 0.35 057 0.08 ND 079 0.25 091 0.84 092
Rb* 020 022 017 024 011 0.4 047 0.04 0.05 0.17 029 ND ND ND ND 090 091 092
Cs* 030 043 027 022 0.34 0.09 0.10 0.00 0.41 0.10 0.10 0.10 ND 032 034 095 095 0.95
Nz 016 024 015 056 013 0.14 043 0.64 0.50 0.28 0.36 0.56 0.22 011 0.03 097 093 0.95
CoZ* 046 020 0.12 048 020 0.4 0.65 0.68 0.60 026 036 045 0.15 0.08 0.00 096 0.94 092
Mo 6+ 0.51  0.80 0.7 0.69 078 075 ND ND ND 0.52 ND 047 ND ND ND 093 096 093
Se4 025 043 038 0.40 T 0.23 0.31  0.06 0.00 0.64 0.12 0.08 ND ND ND 092 094 0.95
we+ 012 076 029 0.61 0.81 0.70 ND ND ND ND ND ND ND ND ND 0.85 0.90 0.80
Ru3+ 0.00 0.71 0.89 0.50 0.04 0.72 022 020 0.20 0.18 0.84 0.00 ND ND ND 090 0.85 092
* T, tailing.
t ND, not detected.
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Figure 2. Plots of average Ri versus charge of metal ions: A, oxalic acid; W,
citric acid; *, tartaric acid.
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ized water. The Kd values for these metal ions are given for com-
parison in Table IV. In general, the sequence of Kd values is the
same as that predicted from Ry valu es. If it is concluded that the
elution sequence can be predicted from Kd values, it follows that
the Ry values are not reliable for such a prediction for the fol-
lowing reasons: (@) in paper chromatography, the mobile phase
ascent is too fast to achieve equilibrium, (5) some of the ions def-
initely interact in a different manner with the paper than with the
ion-exchanger, and (c) the material obtained by precipitation
from solution and the one that deposited on the paper have dif-
ferent composition (i.e., Ti/anion ratio). This view is supported by
the earlier studies made by Qureshi et al. (1,13), who determined
the composition of various titanium(IV)-based inorganic ion-
exchange materials obtained from solution by precipitation and
those that were deposited on papers. For instance, the composi-
tion of TiAs obtained by the two methods (1,13) were found to be
1:1.8 and 1:0.32, respectively, even when the solutions of Ti(IV)
chloride and sodium arsenate (used in the preparation of the ion-
exchange material by the two methods) were of the same concen-
tration. Because the Kd values depend on the composition of the
material, these are found to be different with respect to the
Ti/anion ratio.

Owing to these aforementioned facts, the Alberti and Torraccals
(18) view that the elution sequence can be predicted from Rp
values is not very convincing. At best, the Rj values are a rough
guide for predicting the elution sequence, especially when the dif-
ference in Ry values for the two metal ions is considerable (i.e.,
ARF = 03)

Chromatographic behavior of 3d series metal ions
For 3d series metal ions, the plots of average Ry versus pK, of
complexing acids (Figure 1) are almost similar for all the impreg-

Table I11. Precipitation of Metal lons in Mixtures of Mobile Phases and Impregnating Material

Metal ion- Metal ion— Metal ion— Metal ion- Metal ion-
Mobile Metal ion- sodium arsenate- sodium molybdate- sodium phosphate- sodium tungstate- sodium selenite-
phase mobile phase mobile phase mobile phase mobile phase mobile phase mobile phase
p* NPt p NP p NP p NP p NP P NP
0.1M None Ag*Pb*  AgtTh¥ Ce*Hglt  AgtPb* None Pb2+ B, AgtSb’*,  HgitAgt, AP+ Ag*Pb*, None
Citric acid Zrt HgZ*, Zr*+, HgZ*, Zr#+, Pd?, Fe3*,  Bid*, UO3*, Bi3* Sn+,
La3+ Th#Cet U0 Zr*, Th, Zr#+ Cett,
La3+ Cr+U03
0.1M None Ag*Hglt,  AgtHgs*, Co* Pb2+ La¥,  Ag* AgtPb¥,  ZrTh*  Ag*Pb*,  None AgtPb¥,  Srz
Oxalic Pb2* Ir+ Hg* Hg3* La¥* Hg3* Bi* Sn*,
acid Zr# Th,
Ce4+,B a2+
0.1M None Ag*Pb*  AgtHgdt, Cet7zZré,  AgtZr¥  Bi**Hgl*, HgZ, UO3*Fe**,  None Ag*, Ag*Pb%,  Nix*
Tartaric Fe3* Th+ Fe3+UO3t, Bid*Pb,  TiPd*, Hg+ Bi3*,Sn2t,
acid Th* Set  AgrzZr  Th* Ce*, Fe3+ Cri+,
Fe2+ Zr4+/‘|'h 44,
Ce4+

* P, Metal ions that precipitate
1 NP, Metal ions that do not precipitate
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nated papers, except for TiW. Thus, from oxalic acid to tartaric
acid, the average Ry decreases as the pK, increases. However,
moving from tartaric acid to citric acid, the trend is reversed as
the average Ry now increases. The initial decrease in average Ry
is more pronounced on TiP papers. This is due to a lower ioniza-
tion of the acid, thereby causing a lesser degree of complex for-
mation, resulting in lower Ry. However, the increase in average
Rp in citric acid media is probably due to the formation of more
soluble citrate complexes of these metal ions.

Of all of these impregnated papers, the case of TiW papers is
somewhat exceptional, because for them the average Ry increases
from oxalic acid to tartaric acid and then decreases from tartaric
acid to citric acid.

It is interesting to compare the chromatographic behavior of
these metal ions on papers impregnated with inorganic ion-
exchangers based on titanium(IV). In an aqueous solution of
oxalic acid, the average Ry value of these metal ions on various
impregnated papers is in the following order: TiP > TiW > TiAs >
TiSe. This may be due to the fact that phosphate papers are less
ionized than selenite ones, resulting in low ion-exchange and
causing higher Rp. The other papers have their ionization inbe-
tween. The pk; values (19) of the various anionic acids are in the
following order: phosphoric acid (7.21) > tungstic acid (4.2) >
arsenic acid (2.22) > selenic acid (1.88). The only exception is
TiMO, which gives a maximum average Ry value, though the pk;
of molybdenic acid is 2.54.

Effect of the charge of metal ions on R

The plots of average R; versus charge of metal ions are given in
Figure 2. For the majority of cases, the average R; increases with
the increase in charge, which is in agreement with our earlier
observation (9).

The increase in average R; with an increase in charge for such
cases is due to the fact that the ions with a higher charge are
more strongly adsorbed on impregnated papers and therefore
move less; the exceptions being in the case of TiP and TiSe papers
in oxalic acid and citric acid media and also in the case of TiAs
papers in oxalic acid media. These are due to the fact that in addi-
tion to adsorption, various other mechanisms influence the
movement of metal ions on impregnated papers.

Metal ion separations

On the basis of significant difference in Ry, a large number of
binary and ternary separations are possible. Some of the impor-
tant ones actually achieved are provided here.

On TiP papers, they are as follows: Fe2+—Fe3+ and Ag+ or Pb2*
with Cu2+, Hg2+, or TI* in 0.1M oxalic acid; Se**—Mo%+ and Cr3+ or
U0,* with Mof* in 0.1M citric acid; and Ag+, Hg2+ Phy*+, or Pd2+
with Hg2+ and Ba2* with Sr2* or Ca2* in 0.IM tartaric acid.

On TiMo papers, they are as follows: Cu+ with Ni2+ or Cd?+,
Hg,2+ with Hg2+ or Pd2+, Ag+ or Cu?+ with TI*+ with Hg2+ or Bi3+
in 0.1IM oxalic acid; Zr+*-Th*+, Ag+ or Bi3*+ with Cu2+, Ph2+-U0Q?2*
with Th#+ or Nd3+ in 0.1M citric acid; and Rb*~Cs* in 0.1M tar-
taric acid.

On TiW papers, they are as follows: Cr3*—Zn2+ in 0.IM oxalic
acid; U0y2+-V0?2* in 0.1IM citric acid; and Th4+ with UO42+ or
V02+, U0.2+—Pb%+, and Cr3+ with Zn?+, Mn?+, A3+, or Mo+ in
0.1M tartaric acid.

On TiAs(IV) papers, they are as follows: Ni2+-Co2*, Ag* with
Cd?+ or Cu?*-Hg?* on 0.1M oxalic acid and UOy2*-Mob+,
Ni2+—Pd?*, and Zn?*-Cd2+ in 0.1M tartaric acid.

On TiSe papers, they are as follows: Ag+ with Hg,2* or Hg** in
0.1M oxalic acid and Cs*—K+ and AB*—Cr3+ in 0.IM citric acid.

Conclusion

The planar chromatography of metal ions on papers impreg-
nated with titanium(IV)-based inorganic ion exchangers led to
many useful separations. The Alberti and Torraccals view for the
prediction of elution sequence from Ry values was not found to be
applicable. For 3d series metal ions, TiW-impregnated papers
exhibit different behavior regarding the effect of pK, of com-
plexing acids on average Ry values. These values for various
impregnated papers in oxalic acid media are in the same order as
the respective pk; values of the various anionic acids, which cor-
responds to these papers. An increase in the average R; is
observed with an increase in charge for the majority of metal
ions.

Table IV. Comparison of Kd and RF Values of Some Metal lons on Titanium lon-Exchangers

Exchangers Kd(1,17)

R:

Titanium(IV) arsenate
Pb2* > Cd?* > Hg?* > Zn?* Ni%* > Co?* > Cu®*

Titanium(IV) tungstate
Titanium(IV) selenite
Sm3+ = La3+

Titanium(IV) molybdate PbZ > Ba%* > Sr* > AP+ > Ca®* > Zn?*

Sm3+ > Nd3* > Pr3+ Ba2* > S+ > Cd2+ AP+ > Lad+

Sr¥* > Ba?* > Ca?* Hg?* > Cd>* > Zn** Zr*+ > Th* Ph 2+ >
NiZt > Mn2* > Cu?* > Co?* Sm3+ > Ne3+ = La3+ > Pri+

Cu?* = Pb?* > Hg?* Ba>*> Sr* > Ca* Nd* > P+ =

N3+ = Pr3* > Sm3+ Sr2 > Cd?* > Ba?* La®+ > AP+ Zn?+ = Hg?* >
Cd? > Pb2* Cu?+ > Ni2+ = Co?*

Sr¥* > Ca%* = Ba%* Zn2* > Cd?* > Hg? Th* > Zr* Mn2* > Ni2* >
Cu?* > Ph2 = Co? Nd** > Pr3+ > La’* = Sm3+

Hg?* > Cu?* = Ph%* CaZ* > BaZ* > Sr* Nd** = Sm3* = Pr¥+ = La3+

Sr2+ > CaZt > Zn2* > AP+ > Bat > Ph2+
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