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The analytical potential of poly(ethylene glycol) p-isooctyl-phenyl
ether (Triton X-100), a nonionic surfactant, is used as a mobile
phase in the thin-layer chromatographic separation of heavy-metal
cations. The surfactant concentration below its critical micellar
concentration (CMC) as well as above the CMC value is used to
investigate the migrational behavior of some heavy-metal ions on
silica gel layers. The mobility of the metal ions is found to change
marginally with the increase of surfactant concentration from
0.001M (below CMC) to 0.1M (above CMC). The influence of the
pH of the medium, nonelectrolyte organic (urea and alkanols), and
inorganic electrolyte (NaCl) additives in the surfactant containing
mobile phase on the mobility of heavy metals on the silica gel layer
is examined. For separating metal ions, surfactant must be used in
the presence of buffers. Triton X-100 (0.02M) at pH 2.3 is found to
be the best mobile phase for the separation of heavy-metal cations.
In general, the presence of alcohol in aqueous surfactant solutions
results in a decrease in the mobility of metal ions. Besides Cu?+
and Fe3+, all of the metal ions show a trend of increasing the
retardation factor beyond a minima at 0.1 or 0.3M of added urea
or NaCl. The proposed method is successfully applied for the
simultaneous detection of Zn?* and Cd?* from a spiked human
blood sample.

Introduction

Thin-layer chromatography (TLC) is a very convenient and
effective technique for the separation and identification of
inorganic ions. It permits selective separations, simple detec-
tion, and easy manipulation of the mobile phase. As a result,
numerous sorbents and an even greater number of mobile
phases have been developed for achieving improved chro-
matographic performance in terms of selectivity, resolution,
rapidity, and reproducibility.

From literature (1-3), the mobile phases used in inorganic
TLC have been individual organic solvents; a mixture of
organic solvents; mixed aqueous—organic (or hydro-organic)

solvents; or aqueous solutions of acids, bases, and salts.
Although organic solvents such as benzene, chloroform, ace-
tone, methanol, acetonitrile, carbon tetrachloride, dioxane,
acetic acid, phenols, cyclohexane, and hexane are quickly
removed from the sorbent layer after development, most of
these are toxic to some extent. However, aqueous micellar
solutions of surfactants are almost nontoxic (especially
biodegradable surfactants), nonflammable, and odorless.
Aqueous micellar systems capable of mimicking certain prop-
erties of organic solvents (i.e., solubilizing nonpolar solutes)
have been considered as an attractive alternative to organic sol-
vents as the mobile phase in the chromatographic analysis of
complex mixtures. The highly selective partitioning of solutes
to micelles results in unique separation possibilities for both
ionic and nonionic solutes.

Surfactants have long been used as mobile phase compo-
nents in ion-pair chromatography (IPC) and micellar liquid
chromatography (MLC) (4-9). The surfactant concentration in
IPC is intentionally maintained below the critical micellar
concentration (CMC) in order to avoid the formation of
micelles. In this study, the surfactants are used as counter
ions in the separation of ionic substances. In MLC the surfac-
tant concentration in the mobile phase is kept well above the
CMC value. In this case micelles formed by surfactant mole-
cules are aggregations suspended in the water mobile phase,
and the system is microscopically heterogeneous. Since the
first report by Armstrong and Henry (10), interest in MLC has
grown rapidly and it is now being used as a substitute for tra-
ditional liquid chromatography with reversed phases (11-14).
The fascinating feature of micellar systems is the presence of
three phases (e.g., micellar micropseudo phase, bulk mobile
phase, and the stationary phase) that provide sites of multiple
interactions, resulting in unique simultaneous separation capa-
bilities of hydrophobic and hydrophilic compounds.

The use of micellar solutions as the mobile phase in TLC was
first reported in 1979 by Armstrong and Terrill (15-16).
Micellar chromatography, being a relatively new tool, has
expanded the scope of separations by normal-phase TLC.
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Despite distinct advantages, micellar systems have not been
extensively used in TLC compared with their use in reversed-
phase high-performance liquid chromatography (17-20) and
micellar electrokinetic capillary chromatography (21-23).
Interesting separations of pesticides, nucleosides, biphenyls,
polynuclear aromatic hydrocarbons, phenols, amino acids, aro-
matic amine alkaloids, drugs, and dyes have been realized
using micellar mobile phase systems (24-30). Reports con-
cerning efficiency and the unique chromatographic advan-
tages of surfactant mediated mobile phases in the separation of
inorganics (31-36) have demonstrated that the micellar sys-
tems are excellent eluents. Recently, T. Okada has admirably
reviewed the work on the micellar chromatography of inor-
ganic compounds (37).

In regard to metal ion separation by TLC, some studies
reported the use of micellar mobile phases (38-40). TLC sep-
arations of metal 1,3-diketonates on silufol plazmachrom plates
with sodium dodecyl sulfate (SDS) (41); heavy metal cations on
cellulose layers with Brij-35 micellar mobile phases (38);
Co(III)-1-(2-pyridylazo)-2-naphthyl complexes on polyamide
layers using a mixture of SDS, Triton X-

(Glaxo, New Delhi, India); butanol and pentanol (CDH,
Mumbai, India); urea (G.S. Chemical Testing, Mumbai, India);
and NaCl (S.d. fine Chemicals, Mumbai, India) were also
used. All chemicals used were of analytical reagent grade.

Test solution

Solutions (1%) of nitrates of Pb2+, Hg2+, Tl*, Cd2*, and
U0,2+; chlorides of Ni%+, CO2+, and Zn2+; and sulfates of Cu2*
and VO2+ were prepared in double-distilled water. Ferric chlo-
ride and aluminum nitrate solutions were prepared in 0.1M
solutions of the corresponding acids. A bismuth chloride solu-
tion was prepared in 3.7M HCL.

Detection reagents

A 1% aqueous solution of potassium ferrocyanide for
Cu?* and Fe3+, alcoholic dimethylglyoxime for Ni2+ and
€02+, and a 0.5% solution of dithizone in carbon tetra-
chloride for Cd?+, Zn2+, Tl*, and Bi3+ were used as detection

reagents.

100 (TX-100), and an acetic acid-sodium

Table I. The Various Solvent Systems Used

acetate buffer (pH 4) (39); and metal
piperidinedithiocarbamate complexes on No.

Composition

surfactant impregnated silica gel layers
using mixed organic solvent systems as
the mobile phase (40) have been per-
formed recently. ‘
The work with MLC to date appears to Bu{fe,\r/\wlu“ons
have involved mostly charged cationic or :
anionic micellar mobile phase systems,
and the use of uncharged nonionic sur- M,
factants seems to have been generally M,
neglected. The aim of this work was to
explore the possibility of using the unique
properties of TX-100 (a nonionic surfac- Ms

M

tant) in the separation of heavy-metal M
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cations on silica gel layers. The roles of M
various factors such as surfactant concen- MZ

tration, pH of the medium, addition of
organic modifiers (alkanols), concentra-
tion of nonelectrolyte (urea), and the addi-
tion of electrolyte (NaCl) on the retention
behavior of metal ions were examined.
These additives were selected because of
their capabilities of bringing about
changes in the microenvironment of
micelles in order to influence the selec-
tivity pattern of solutes (31,42-44).
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TX-100 was obtained from Loba

Aqueous surfactant solutions
0.001, 0.002, 0.005, 0.01, 0.02, 0.05, and 0.1M aqueous TX-100

buffer solutions of pH 2.3, 3.4, 5.7, and 11.9

Micellar buffered solutions
0.02M TX-100 in buffer solutions of pH 2.3, 3.4, 5.7, and 11.9
0.10M TX-100 in buffer solutions of pH 2.3, 3.4, 5.7, and 11.9

Micellar buffered solutions with organic additives*

0.TM TX-100 buffered at pH 2.3 + methanol (95:5, v/v)

M TX-100 buffered at pH 2.3 + methanol (90:10, v/v)
M TX-100 buffered at pH 2.3 + methanol (80:20, v/v)

M TX-100 buffered at pH 2.3 + propanol (95:5, v/v)
M TX-100 buffered at pH 2.3 + butanol (95:5, v/v)
0.TM TX-100 buffered at pH 2.3 + pentanol (95:5, v/v)
M methanol in aqueous 0.1M TX-100 (pH 2.3)

M ethanol in aqueous 0.1M TX-100 (pH 2.3)

M propanol in aqueous 0.1TM TX-100 (pH 2.3)

M butanol in aqueous 0.1TM TX-100 (pH 2.3)

M pentanol in aqueous 0.1M TX-100 (pH 2.3)

TM TX-100 buffered at pH 2.3 + 0.01 moles of urea
TM TX-100 buffered at pH 2.3 + 0.1 moles of urea
TM TX-100 buffered at pH 2.3 + 0.3 moles of urea
TM TX-100 buffered at pH 2.3 + 0.5 moles of urea

0.1
0.1
0.1M TX-100 buffered at pH 2.3 + ethanol (95:5, v/v)
0.1
0.1

1
1
1
1
1
0.
0.
0.
0.

Micellar buffered solutions with inorganic additives

0.TM TX-100 buffered at pH 2.3 + 0.01 moles of NaCl
0.1TM TX-100 buffered at pH 2.3 + 0.05 moles of NaCl

0.1TM TX-100 buffered at pH 2.3 + 0.03 moles of NaCl

0.TM TX-100 buffered at pH 2.3 + 0.5 moles of NaCl

(Mumbai, India) and used as received.
Silica gel G, methanol, and ethanol

* The volume fraction of the organic modifier that was added to the micellar buffered solution was limited to 5% in
order to protect the integrity of micelles.

163




Buffer solution

Buffer solutions at pH 2.3, 3.4, 5.7, and 11.9 were prepared
by adding 0, 8, 10, and 60 mL of 0.24M NaOH, respectively, into
a 100-mL mixture consisting of equal volumes of boric acid
(0.04M) and phosphoric acids (0.04M).

Mobile phases
The various solvent systems used are found in Table I.

Chromatography
Preparation of TLC plates

A homogeneous slurry of the stationary phase (i.e., silica gel
G (20 g) and double-distilled water (60 mL)) was prepared by
constant shaking for 5 min. The slurry was coated on 20- x 3-cm
plates as a 0.25-min layer by means of a Toshniwal (Mumbai,
India) TLC applicator. Plates were dried at room temperature
and activated at 100°C + 2°C for 1 h in an electrically con-
trolled oven. After activation, the plates were cooled at room
temperature and stored in a closed chamber until use. No
additional binder was added in the preparation of the plates.

Procedure

Chromatography was performed in 24- x 6- x 6-cm glass
jars. A sample solution (10 uL) was applied to a TLC plate on a
line marked at 3 cm from the lower edge using a lambda
pipette and left to dry in air. Ascending development in various
mobile phases was performed to a distance of 10 cm from the
point of application. After development, the plates were air
dried at room temperature and the position of the metal ions
on the plates was identified by detecting the spots using appro-
priate chromogenic reagents. Retardation factor (Ry) values of
the metal ions were determined by their respective R;, (Rp of
leading front) and Ry (Ry of trailing front) values.

RF=(RL+RT)/2 qu
The reported Ry values are the average of three replicate

determinations. They all have a standard deviation of + 0.05
from their individual Ry values.
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Identification of Zn and Cd in a spiked blood sample

A blood sample was treated with a 10% NaOH solution and
10% sodium tungstate solution. This mixture was acidified by
adding a small amount of H,SO, to destroy the precipitate
and then it was filtered. The filtrate was spiked with equal
amounts of Zn2*+ and Cd2*. Approximately 10 pL of the spiked
blood sample was spotted on a TLC plate developed with 0.02M
TX-100 (pH 11.9), dried, and the separated spots of Zn?* and
Cd2+ were identified.

Results and Discussion

The results of this study have been summarized in Table II
and Figures 1-4. The mobility of thirteen heavy-metal cations
was examined on a silica gel layer using aqueous solutions of
TX-100. In order to optimize the experimental conditions, the
effect of various factors such as the concentration of the sur-
factant, the acidity and basicity of the medium, the nature of
alkanols in the surfactant mobile phase, and the presence of
urea and NaCl in the micellar mobile phase on the mobility of
cations was examined.

Effect of the concentration of TX-100

In order to understand the effect of surfactant concentration,
the mobility of an individual metal ion on a silica gel layer was
determined using a wide concentration range (0.001-0.10M) of
TX-100.

The following trends were noticed. UOy>*, VO2*, and A3+
were strongly retained by silica gel and remained at the point
of application (R = 0) over the entire concentration range of
the surfactant. Conversely, Ni%* and Co%* show maximum
mobility (Rp = 0.90) at all surfactant concentration levels. In all
of the mobile phases containing different TX-100 concentra-
tions, Cd?+ had an Ry value that was lower than those of Ni%+
or Co?* except at 0.02M TX-100, in which it was approximately
the same. Fe3*, Zn2+, Cu?+, and Bi3* showed little mobility
and moved only slightly from the point of application. All of

Table 1. Experimentally Achieved Separations on Silica Gel G

Mobile phase Separations* (R)

0.00TM TX-100
0.002M TX-100

0.005M TX-100

0.02M TX-100 in buffer of pH 2.3

0.02M TX-100 in buffer of pH 11.9

Ni2+(0.91)-Pb2+(0.00),U0O,2+0.00)-Cd2#(0.67),Co?+(0.91)-Fe3+(0.05)

Ni2+(0.85)-Bi*+(0.20),Co?*(0.85)-Bi**(0.20),Ni2(0.90)-Al3+(0.00),
Cd?+(0.70)-Al*+(0.00),Ni2+(0.85)-VO*(0.10)

TI*(0.75)-Ni2#(0.90),Zn?*(0.10)-Co0**(0.80)

0.01M TX-100 Cu?(0.10)-Cd?#(0.70),Ni2+(0.85)-Al**(0.00)

0.02M TX-100 Cd?#(0.87)-Pb?+(0.00),Ni2+(0.92)-UO,*+(0.00)

0.05M TX-100 Ni2+(0.85)-Pb?+(0.00),UO,2+(0.00)-Cd?*(0.70),Ni**(0.85)-Zn**(0.10)
0.1M TX-100

T1+(0.15)-Ni2+(0.90),Pb2+(0.00)-Cdl2+(0.67), Pb2+(0.00)-Co2+(0.85)
Pb2+(0.00)-T1+(0.60), TI#(0.60)-Fe3+(0.00),

Hg2+(0.70)-Pb2+(0.00),Pb2+(0.00)-Co2+(0.80),

VO2+(0.35),U0,2+(0.00)-Cu2+(0.40)-Ni2+(0.80),

Pb2+(0.00)-Zn2+(0.45)-Ni2+(0.90)
Zn2+(0.00)-Ccl2#(0.65),Hg2+(0.50)-Co2+(0.85),Ni2+(0.90)-Cd2+(0.62),Ni2+(0.90)-Cd2+(0.67)-Zn+(0.00)

* The Ry values were the average of three replicate determinations. Hg2* produce tailed (R -Ry > 0.3) in all unbuffered aqueous surfactant solutions.
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5% Alcohol in 0.1M TX-100 (pH 2.3)

Y

Figure 2. Migration behavior of metal ions on silica gel layers developed in buffered 0.1M TX-100 (pH
2.3) with 5% added alcohol: (C0) no added alcohol, (C1) methanol, (C2) ethanol, (C3) propanol, (C4)
butanol, and (C5) pentanol.
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Figure 1. Mobility of metal ions on silica gel layers developed in buffer (&), buffered 0.02M aqueous surfactant (W), and buffered 0.1M aqueous micellar
solutions (#) .
these metal ions can be separated from
Ni2+, Co?*, and Cd?+, which migrate with
1 " the mobile phase irrespective of the sur-
08+ 081 Ni?* factant concentrations. The behavior of
064 064 Co TI*+ was peculiar. It showed higher
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0 . . ! . . 0 ; ; ; : : (i.e., 0.05 or 0.10) the mobility of TI* sud-
® a @ & o & @ o @ a8 * o denly decreased (Rp = 0.15). Certain metal
ions (e.g., Cu2+, Bi3+, Hg?*, and Zn2+)
showed occasional tailing (R;-Ry > 0.3).
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@ ¢ @ & o & @ ¢ @ @ & S metaljons. Ata0.001-0.02M TX-100 con-

centration, which is below its CMC value
(0.028 M), the mobile phase mainly con-
sisted of monomer surfactant (e.g., no
micelles present), whereas at a 0.1M con-
centration (well above the CMC) the
mobile phase was composed of surfactant
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molecules in the form of monomers and aggregates (or
micelles). Below CMC, the amount of adsorbed surfactant onto
the stationary phase was considered to increase with the
increase in surfactant concentration in the mobile phase,
whereas above CMC the activity of the surfactant molecules
remained more or less constant and thus the adsorption of sur-
factant may be considered independent of the surfactant con-
centration in the mobile phase. However, these different
(46,47) characteristics of chromatographic systems could not
provide better separation possibilities of metal ions.

Effect of acidity and basicity of the medium

Thin-layer chromatography of metal ions was performed
using 0.02 and 0.1M TX-100 solutions prepared in phosphate—
borate buffer solutions of different pH values (pH 2.3-11.9).
The results obtained with buffered surfactant solutions (0.02
and 0.1M) and buffered solutions (without surfactant) were
compared in Figure 1. It was apparent from Figure 1 that the
surfactant in buffered solutions plays an important role in
influencing the mobility of metal ions. In general, the mobility
(or Ry value) of metal ions was in the order of: 0.02M buffered
surfactant monomers > buffer solutions > 0.1M buffered
micellar solution. This trend shows that the mobility of metal
ions was simultaneously controlled by the pH of the medium,
surfactant monomers, and the micelles of the surfactant. How-
ever, better separation possibilities were at pH 2.3, but certain
separations such as Zn2+—Cd2+, Ni2+-Cd?+, and Ni2+—Cd2+—Zn?+
were only possible at pH 11.9. The important separations real-
ized experimentally using different mobile phases are sum-
marized in Table II.

Effect of alkanols
The effect of an alkanol chain length on the mobility of
metal ions was examined using mobile phases consisting of
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0.IM TX-100 (pH 2.3) and various alkanols (methanol, ethanol,
propanol, butanol, or pentanol) in a 95:5 ratio (v/v). The results
shown in Figure 2 indicate that the mobility of metal ions was
minimum with propanol. The organic solvents (i.e., alcohols)
modified the retention mechanism and controlled the relative
mobility of metal ions. The added alcohols can affect the CMC,
the aggregation number, and the actual strength of the micelle
assembly. There was a general trend of decrease in mobility,
giving minimum value with propanol.

Upon increasing the added methanol concentration from
5% to 20%, the following trends in the mobility of metal ions
were observed. A sharp decrease in the Ry values of Ni2+ and
Co%* from 0.8 to 0.5 and a sharp increase in Ry values of Cu?+
and Zn%+ from 0.1 to 0.4 were observed on increasing the con-
centration of added methanol from 5% to 10%. Upon further
increasing the alcohol from 10% to 20%, no change in the Ry
value of all the four cations was noticed. The mobility of TI* (Rp
=0.4), Bi3* (Rp = 0.2), and Fe3* (Rp = 0.1) remained unaltered
irrespective of the concentration of added methanol (5-20%).

The effect of the equimolar concentration of different alco-
hols in aqueous 0.1M TX-100 at pH 2.3 was also examined on
the mobility of metal ions in order to determine whether the
variation in Ry at 5% added alcohols was a result of the variable
concentrations of alcohols or was the result of different polar-
ities of alcohols. When metal ions were chromatographed using
1.0M alcohols in aqueous 0.1M TX-100 (pH 2.3) (such as
methanol, ethanol, propanol, butanol, and pentanol) all the
metal ions showed unaltered mobility irrespective of the type
of alcohol present in the mobile phase. Thus, all five alcohols
had the same effect at 1.0M, but the Ry values in alcohol were
different than those in H50.

Effect of urea and electrolyte additive
The effect of urea (organic nonelectrolyte) and NaCl

1
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Figure 3. Mobility of metal ions on silica gel layers developed in 0.1M TX-100 (pH 2.3) containing different moles of (A) urea and (B) NaCl.

03 oS 001 01 03 05

166



Journal of Chromatographic Science, Vol. 40, March 2002

(inorganic electrolyte) at different concentration levels in fixed
surfactant molarity (0.1M TX-100, pH 2.3) on the mobility of
metal ions was examined. The results summarized in Figure 3
show that the mobility of Fe remained almost unaffected at all
concentration levels of urea and NaCl, whereas the mobility of
Cu2+ successively decreased with the increase in NaCl con-
centration, thus showing a salting-out effect as observed by ear-
lier workers during the TLC separation of metal complexes
with nonmicellar mobile phases (48). However, the mobility of
Cu2* in the presence of urea remains almost unchanged. With
NaCl, the mobility of Tl* showed a sharp increase at 0.5M NaCl
after maintaining an Ry value constancy in the concentration
range of 0.01 to 0.3M. With other metal ions, the mobility (or
Ry) decreased with an increase in the concentration of urea or
NaCl in the mobile phase passing through a minima at the 0.1
or 0.3M concentration level followed by an increase in mobility
at a higher concentration of added NaCl-urea.

These interesting observations reflect the impact of added elec-
trolyte and nonelectrolyte solutes in controlling the retention
behavior of metal ions. The added electrolytes modify the

solute—micelle or solute-stationary phase interactions by bring-
ing about a change in the microenvironment of the micellar
system and thus influencing the retention behavior of metal ions.
In order to bring out a clearer picture regarding the effect of
urea and NaCl on the selectivity of silica gel layers towards metal
ions, the results obtained in the presence of these additives were
compared with those obtained in their absence. The Ry values
[(Rp on silica layer developed with 0.1M TX-100 (pH 2.3) —Rp on
silica layer developed with 0.1M TX-100 (pH 2.3) + 0.3M urea or
NaCl (1:1, v/w)] were plotted in Figure 4, which demonstrates
how the selectivity of silica was altered by the presence of addi-
tives in the micellar mobile phase. Positive Ry values show that
the silica layer was more selective for Ni2+, Zn2+, Cd?+, Co?*, and
TI* when a urea containing micellar mobile phase was used.
Conversely, the silica layer was less selective (negative Ry value)
for Bi%+, Fe3+, and Cu2*. When a NaCl containing micellar mobile
phase was used, the silica layer showed greater selectivity
towards Fe3+, Cu2+, Zn?*, TI+, and Bi3* (positive Ry value) but
poor selectivity towards Ni2+, Co?*, and Cd2* as indicative of
negative Ry values. The reverse trend in the selectivity of the
silica layer towards metal ions in urea and

NaCl containing micellar mobile phases

05
A 04!
03
02

0 } — . —

may be attributed to the nature of the
A added compounds. Urea (an organic mole-
cular substance) was assumed to be pre-
sent entirely in the aqueous phase (49),
whereas NaCl (an electrolyte) was capable
of moderating the attractive interactions
resulting in the modified selectivity (44).

mh 2+ N2+ Co 2+ cd 2+

ARE value

e

t N - The effectiveness of NaCl in extracting
m water from the homogeneous phase in
microemulsion systems has been well-doc-
umented (50-51).

Application

\

Metal ions
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The proposed method was applied to
detect Zn%+ and Cd2* from their mixture in
a spiked sample of human blood with pre-
liminary separation on a silica gel layer.
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The amount of both Zn%+ and Cd?+ as low
B as 3.3 pg can be clearly detected on TLC
plates after separation from their mixture.
The Ry values for Zn2+ and Cd2+ were 0.10
and 0.4, respectively. The separation of
Cd2+ in the presence of Zn2* is biologically
important because in some metalloen-
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zymes Zn2+ is substituted by Cd2* thus
leading to cadmium toxicity. Similarly, the
detection of Cd2+ assumes significance
because of its tendency to react with
sulfhydryl groups of essential enzymes.

I+ gi+

\

Metal ions

2.3)-Rgin 0.1 TX-100 (pH 2.3) + 0.3 moles of (A) urea and (B) NaCl.

Figure 4. Plot of ARy versus cations chromatographed on silica gel layer: AR; = R in 0.1M TX-100 (pH

Conclusion

The usefulness of TX-100 nonionic sur-
factant solutions as mobile phases in the
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normal-phase TLC of heavy-metal cations has been examined.
The surfactant concentration from 0.001 to 0.1M resulted in
minor changes in the mobility of individual metal ions. In
order to achieve effective separations, the surfactant must be
used in buffer solutions. The optimum experimental conditions
for separating various metal ions include the use of a 0.02M
buffered surfactant solution (pH 2.3 and 11.9) as the mobile
phase and silica gel G as the stationary phase. TX-100 at a
concentration level of 0.02M, which was below its CMC value
(0.028M), appeared to be coated on the stationary phase. The
modification of the 0.1M TX-100 buffered solution (pH 2.3)
with added alcohols, urea, or NaCl resulted in minor changes
in mobility for most of the metal ions.

Acknowledgments

The authors gratefully acknowledge CSIR (New Delhi, India)
for providing financial assistance.

References

1. A. Mohammad, M. Ajmal, S. Anwar, and E. Iraqi. Twenty-two
years report on the thin layer chromatography of inorganic mix-
tures: observations and future prospects. J. Planar Chromatogr.-
Mod. TLC 9: 318-60 (1996).

2. A. Mohammad. “Thin Layer Chromatography of Inorganics and
Organometallics”. In Handbook of Thin Layer Chromatography B.
Fried and J. Sherma, Eds. Marcel Dekker Inc., New York, NY,
Chapter 19, pp. 507-617, 1996.

3. J. Sherma. Planar chromatography. Anal. Chem. 70(12): 7R-26R
(1998).

4. B.A. Bidlingmeyer, S.N. Deming, W.P. Price, B. Sachok, and
M. Petrusek. Retention mechanism for reversed-phase ion-pair
liquid chromatography. J. Chromatogr. 186: 419-34 (1979).

5. J.H. Knox and R.A. Hartwick. Mechanism of ion-pair liquid chro-
matography of amines, neutrals, zwitterions and acids using
anionic heterons. J. Chromatogr. 204: 3-21 (1981).

6. R.M. Cassidy and S. Elchuk. Dynamically coated columns for the
separation of metal ions and anions by ion chromatography.
Anal. Chem. 54: 1558-63 (1982).

7. A.S. Kord and M.G. Khaledi. Chromatographic characteristics of
surfactant-mediated separations: micellar liquid chromatography
vs ion pair chromatography. Anal. Chem. 64: 1901-1907 (1992).

8. M.A. Hernandez-Torres, J.S. Landy, and J.G. Dorsey. Reversed
micellar mobile phases for normal-phase chromatography. Anal.
Chem. 58: 744-47 (1986).

9. D.W. Armstrong and J.H. Fendler. Differential partitioning of
tRNAs between micellar and aqueous phases: a convenient gel fil-
teration method for separation of tRNAs. Biochem. Biophys. Acta
478: 75-80 (1977).

10. D.W. Armstrong and S.J. Henry. Use of an aqueous micellar
mobile phase for separation of phenols and polynuclear aro-
matic hydrocarbons via HPLC. J. Lig. Chromatogr. 3: 657-62
(1980).

11. M.G. Khaledi. Bioanalytical capabilities of micellar liquid chro-
matography. Trends Anal. Chem. 7: 293-300 (1988).

12. M. Amin, K. Harrington, and R.V. Wandruzka. Determination of
steroids in urine by micellar HPLC with detection by sensitized
terbium fluorescence. Anal. Chem. 65: 2346-51 (1993).

13. B.K. Lavine, S. Hendayana, W.T. Cooper, and Y. He. Selectivity in
micellar liquid chromatography: surfactant bonded phases inter-

168

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Journal of Chromatographic Science, Vol. 40, March 2002

actions, 1I-C-8 and Cyanolpropyl. J. Lig. Chromatogr. Relat. Tech.
20(3): 377-402 (1997).

M.A. Garcia, O. Jimenez, and M.L. Marina. Comparison of the
models describing the retention in micellar liquid chromatog-
raphy with hybrid eluents for a group of benzene derivatives and
polycyclic aromatic hydrocarbons. J. Chromatogr. A 675(1-2):
1-11 (1994).

D.W. Armstrong and R.Q. Terrill. Thin layer separation of pesti-
cides, decachlorobiphenyl and nucleosides with micellar solu-
tions. Anal. Chem. 51: 2160-63 (1979).

D.W. Armstrong and M. McNeely. Use of micelles in TLC sepa-
ration of polynuclear aromatic compounds and amino acids.
Anal. Lett. 12: 1285-91 (1979).

J.S. Landy and J.G. Dorsey. Characterization of micellar mobile
phases for reversed phase chromatography. Anal. Chim. Acta
178: 179-88 (1985).

M.F. Borgerding and W.L. Hinze. Characterization and evaluation
of the use of nonionic polyoxyethylene (23) dodecanol micellar
mobile phases in reversed phase high-performance liquid chro-
matography. Anal. Chem. 57: 2183-90 (1985).

M.H. Guermouche, D. Habel, and S. Guermouche. Theoretical
aspects of micellar liquid chromatography using C;, DAPS sur-
factant. Fluid Phase Equillib. 147(1-2): 301-307 (1998).

T. lhara and T. Hobo. Optical resolution of dansyl-DL-amino
acids by normal-phase HPLC using the reversed micellar mobile
phase. Bunseki Kagaku 42(12): 845-51 (1993).

G.M. Janini and H.J. Issaq. Micellar electrokinetic capillary chro-
matography: basic considerations and current trends. J. Lig. Chro-
matogr. 15: 927-60 (1992).

X. Fu, ). Lu, and Y. Chen. Separation of polycyclic aromatic hydro-
carbons by micellar electrokinetic chromatography with aqueous
short-chain alcohol solvent. Talanta 46(4): 751-56 (1998).

E. Skocir and M. Prosek. Determination of amino acid ratios in
natural products by micellar electokinetic chromatography. Chro-
matographia 41(11/12): 638-44 (1995).

D.W. Armstrong. Pseudophase liquid chromatography: applica-
tions to TLC. J. Lig. Chromatogr. 3: 895-900 (1980).

D.W. Armstrong and K.H. Bui. Use of aqueous micellar mobile
phases in reversed-phase TLC. J. Lig. Chromatogr. 5: 1043-50
(1982).

J. Sherma, B.P. Sleckman, and D.W. Armstrong. Chromatography
of amino acids on reversed-phase thin layer plates. J. Lig. Chro-
matogr. 6: 95-108 (1983).

D.W. Armstrong, K.H. Bui, and R.M. Barry. Use of pseudophase
TLC in teaching laboratories. J. Chem. Educ. 61: 457-58 (1984).
S.N. Shtykov, E.G. Sumina, E.V. Parshina, and S.S. Lopukhova.
Use of micellar mobile phase for separating fluorescein deriva-
tives by means of thin layer chromatography. J. Anal. Chem.
(Russian) 50: 684-88 (1995).

S.N. Shtykov, E.G. Sumina, E.V. Smushkina, and N.V. Tyurina.
Normal and reversed phase thin layer chromatography of fluo-
rescein dyes with aqueous micellar solutions as mobile phases.
J. Planar Chromatogr.-Mod. TLC 12: 129-34 (1999).

A. Mohammad and E. Iragi. Migration behaviour of aromatic
amines on alumina thin layers developed with water-in-oil
microemulsion. J. Surfactants and Detergents 2: 85-90 (1999).
T. Okada. Micelles exclusion chromatography of heavy metal
cations. Anal. Chem. 60: 2116-19 (1988).

T. Okada. Interpretation of retention behaviours of transition—
metal cations in micellar chromatography using an ion-exchange
model. Anal. Chem. 64: 589-94 (1992).

T. Okada. Micelles exclusion chromatography of inorganic
anions. Anal. Chem. 60: 1511-16 (1988).

T. Okada. Factors effecting selectivity in micelle exclusion chro-
matography of inorganic anions. J. Chromatogr. 538: 341-54
(1991).

C.M. Kirkmen, C. Zuben, P.C. Uden, W.). Stratton, and D.E. Hen-
derson. Developments in the high performance liquid chro-
matography of metallo-organic compounds. J. Chromatogr. 317:
569-78 (1984).



Journal of Chromatographic Science, Vol. 40, March 2002

36.

37.

38.

39.

40.

41.

42.

43.

44.

A. Mohammad, S. Tiwari, J.P.S. Chahar, and S. Kumar. Water-in-
oil microemulsion as mobile phase in thin layer chromatographic
retention studies of anions. AOCS 72: 1533-36 (1995).

T. Okada. Micellar chromatography of inorganic compounds.
J. Chromatogr. A 780: 343-60 (1997).

A. Mohammad, E. Iragi, and I.A. Khan. Micellar thin layer chro-
matographic separation of heavy metal cations: effect of organic
and inorganic additives on migration behavior. J. Surfactants
Detergents 2(4): 523-29 (1999).

Z. Ge and H. Lui. Thin layer chromatographic behavior of cobalt
(1D-1-(2-pyridylazo)-2-naphthol complex. Fenxi Huaxue 20:
1369-72 (1992).

A. Asolkar, A. Kumar, P. Pandey, and R. Bhardwaj. TLC resolution
studies of some metal piperidinedithio-carbamate complexes on
various surfactant impregnated silica gel plates. J. Lig. Chro-
matogr. 15: 16891701 (1992).

S.N. Shtykov and E.G. Sumina. Analytical capabilities of micellar
mobile phase in the thin layer chromatography of metal 1,3-
diketonates. J. Anal. Chem. (Russian) 53(5): 446-50 (1998).

C. Tanford. The Hydrophobic Effect: Formation of Micelles and
Biological Membranes. Wiley, New York, NY, pp. 74-78, 1973.
M.J. Rosen. Surfactants and Interfacial Phenomenon. Wiley-Inter-
science, New York, NY, p 131, 1978.

A. Berthod, I. Girad, and C. Connet. Additive effects on surfactant
adsorption and ionic solute retention in micellar liquid chro-

45.

46.

47.

48.

49.

50.

51.

matography. Anal. Chem. 58: 1362-67 (1986).

V.M. Mikhal’Chuk and A.l. Sardyuk. Effect of temperature on
size and shapes of micelles in aqueous solutions of surfactants.
Geol. Khim. Biol. Nauki 3: 46-48 (1983).

A.K. Vanjara and S.G. Dixit. Adsorption of cationic surfactants on
rutile. Adsorpt. Sci. Technol. 13(5): 397-407 (1995).

A.S. Kord and M.G. Khaledi. Controlling solvent strength and
selectivity in micellar liquid chromatography: role of organic
modifiers and micelles. Anal. Chem. 64: 1894-1900 (1992).
T.J. Janjic, V.M. Zivkovic-Radovanovic, and M.B. Celap. Planar
salting-out chromatography. J. Serb. Chem. Soc. 62(1): 1-17
(1997).

M. Almgren and S. Swarup. Size of sodium dodecyle sulfate
micelles in the presence of additives. J. Colloid Interface Sci.
91(1): 256-66 (1983).

H.N. Singh and S. Kumar. Efffect of sodium chloride concentra-
tion on phase behaviour of sodium dodecylsul-
phate/pentanol/water/benzene system. J. Surface Sci. Technol.
5(2): 143-54 (1989).

B. Bedwell and E. Gulari. Elecctrolyte moderated interactions in
water/oil microemulsions. J. Colloid Interface Sci. 102: 88-100
(1984).

Manuscript accepted January 15, 2002.

169



