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1.1 INTRODUCTION

Analytical chemistry has extensive applications in the analysis of
organic and inorganic compounds, pharmaceuticals, bio-chemicals, body
fluids, polluted water, food and many other areas. With the global
awareness in health hazards and environmental pollution, analytical
chemistry has played key role to unveil its causes. Modern sophisticated
computerized instrumental techniques make possible to .elucidate the
microstructure of molecular species and thereby the reaction mechanics
taking placé onto the species, studies of rare and artificial radioactive
elements and to obtain substances in the highest state of purity. This
branch usually begins by placing chemical analysis in the broader
prospective of chemical science, describing different methods of
analysis e.g. qualitative (deals with finding what constituent or
constituents are in analytical sample) and quantitative (deals with the
determination of how much of given substance is in the sample) on
macro to micro level and can also be applied to the routine analysis.
Chemical analysis is an important part of many of most exciting
scientific projects being carried out throughout the world, because on
this basis one can understand the properties of materials of our interest.
According to the type of process used to perform the analysis, methods

used for chemical analysis can be categorized as given in Figure 1.1.

Chemical Analysis

v v

“Wet” Methods (Classical) Instrumental Methods
Gravimetric Volumetric Optical Separation Electroanalytical
Analysis Analysis Methods Methods Methods

Figure 1.1: The Major Categories of Chemical Analysis



Instrumental as well as non-instrumental (or classical) methods
are being employed for the analysis of air, water and soil pollutants.
Since instrumental analysis is becoming increasingly automatic and
research oriented, the need for analytical chemistry is also rising as
newer problems are erupting up in view of the challenging demands of
the contemporary world. As a matter of fact, analytical chemistry
involving the development of new methods and modifications to
classical methods is most suited to meet the requirements of mankind.
Despite fhe"advantages offered by the instrumental methods in various
fields, their wide spread adoption has not rendered the classical methods
obsolete for the simple reasons that firstly, they cannot be applied if the
analyte is present in large concentration and secondly, it is absolutely
imperative to use classical methods (volumetric or gravimetric) of
analysis for standardization of newer methods. In fact classical methods
deserve to be strengthened- because they are simple, inexpensive and

versatile.
1.2 SEPARATION TECHNIQUES

The identification and separation of various species can be
achieved by an array of systematic procedures. Among the most
versatile analytical separation techniques, ring-oven technique,
ion-exchange, dialysis, electrophoresis and chromatography have wider

applicability. These techniques are briefly described below:

(i) Ring-Oven Technique: The ring-oven technique has been
developed as pseudo-chromatographic method for testing a single
drop of solution for several components on filter paper. The sample
to be tested is placed at the centre of the ring formed by the solute,
the carrier solvent evaporates on approaching the heated ring-zone
after transportation through the pores of the filter paper.

Separations are based on the varying behaviors of solutes with a



(i)

(iii)

solvent resulting in differential migration fronts from the starting
point. The method is applicable to microanalytical separation and

has future prospects.

Dialysis: Dialysis is another differential migration technique,
which involves the selective migration of components through the
membrane by diffusion process. In dialysis the separation is based
upon the exploitation of difference in relative rates of diffusion of
two species through the membrane. This process is very useful for
separating ionic substances - from organic impurities of larger

particle size.

Dialysis has become a practical means for the separation of
salté from colloidal suspensions. The combination of cation and
anion-exchange membranes in electrolytic cells make it possible to
desalt saline waters and separate many ionic substances from the
mixture. When an electric field is applied across the membrane, the

process is called electrodialysis.

Ion-Exchange: lon-exchange is a process in which reversible
stoichiometric interchange of ions of the same sign take place
between an electrolyte solution (solvent system or moving phase)
or molten salt and a solid phase (adsorbent or stationary phase).
The selectivity of an exchanger depends upon the nature of the ion-
exchanger and the composition of the liquid phase, which is in
contact with it. It is therefore, possible to increase the separation
potential of the ion-exchange process by proper selection of
exchanger and eluent. The exchanger phase may be inorganic or

organic in nature.

It is difficult to say when ion-exchanger was actually
discovered. Helfferich has given an interesting historical account

(1) tracing the discovery of ion-exchange as far back as the times



of Moses. The earliest references found in Holy Bible establish
Moses's priority of preparing drinking water from brackish water

by ion-exchange method (2).

Ion-exchange process is well suited for the separation of inorganic
ions (cations and anions) because the separation is based on the
exchange of ions in stationary phase, as given below:

Cation Exchange:
2NaX + CaCl2 (aq.) = CaX2 + 2NaCl (aq.)
Anion Exchagge:
2XCl + Na2S04(aq.) = X2804 + 2NaCl (aq.)
Where X represents a structural unit qf the ion-exchanger, solid phases

are underlined: aq. indicates that the electrolyte is in the aqueous solution.

(iv) Electrophoresis: Electrophoresis, which involves the migration of
particles through a solution under the influence of an electric field, was
first reported (3) by' Konig in 1937. Later on, Konig and
Vén Klobusitzky (4) used paper electrophoresis for separation of a
yeliow pigment from snake venom. Electrophoresis is helpful in
separating and identifying microamounts of high molecular weight
substances such as proteins, which are often difficult to separate by
chromatography alone. Varying with the properties of the medium, the
separations may result primarily from electrophoretic effect or from a
combination of electrophoresis and adsorption, ion-exchange or other
distribution equilibria. Electrochromatrography, zone electrophoresis,
electro-migration and ionophoresis are other methods based upon

electrophoresis.

Clinical chemists and biochemists have exploited -electro-
chromatographic methods for fractionating biological materials e.g.
separation of proteins and other large molecules present in serum, wine,
spinal fluid, gastric juices and other body fluids. Inorganic ions are

conveniently separated by this technique.



1.3 CHROMATOGRAPHY

In spite of the popular belief and general acceptance of the contribution
of Tswett as being the real discoverer of chromatography (literally "colour
writing" from the Greek), the starting of chrométogfaphy predated to the work
of F.F. Runge who investigated the separation of coloured substances (i.e.
dyes) on paper (5). The work carried out by Goppelsroeder (6) and Schonbein
(7) on chromatographic separation of substances on ﬁltef paper has been
included in a report (8) published by Fischer and Schmidner in 1892.
However, the.concept of separation on columns may be attributed to Reed's
work, which was followed by Day who separated petroleum fractions with the
help of columns (9,10). The paper published in 1906 by M. Tswett, a lecturer
of Botany at the University of Warsaw provided the first description in nearly
modern terms of chromatographic separation (11). He described the resolution
of different components of pigments as colored bands like spectrum of light
rays on a calcium carbonate column and termed it as "Chromatogram".

The actual importance of Tswett's work remained dormant until about
1931, when separations of plant carotene pigments were reported by
promineﬁt organic chemist Kuhn (12,13). His research attracted much
attention .and adsorption column chromatography became invaluable tool in
the field of natural product chemistry.

In 1941, Martin and Synge (14,15) laid another milestone in
development of chromatography by reporting their discovery of liquid-liquid
partition chromatography. One liquid was used as adsorbent and another
liquid was allowed to percolate through the former, thus making the technique
as a chromatographic process. This work initialized the development of other
forms of chromatography. The chronological development of separation
techniques after Tswett's discovery of chromatography are presented in

Table 1.1.



Table 1.1: Chronological

Development  of

Separation Techniques

Chromatographic

Authors Year of Separation Technique
Origin
M.S. Tswett 1906 Adsorption Chromatography
P. Konig 1937 Electrophoresis
N.A. Izmailov and 1938 Thin-Layer Chromatography
M.S. Schraiber (Adsorption)
A.J.P. Martin and 1941 Liquid-Liquid Partition
RLM Syrzgex Chromatography
A.J.P. Martin, R. Consden 1944 Paper Chromatography
and 4. H. Gordon
L.C. Craig 1944 Counter Current Chromatography.
S. Claesson 1946 Gas-Solid Chromatography
S.W.Mayer and 1947 Ion-Exchange Chromatography
E.R. Tompkins '
J.G. Kirchner, J M. Miller 1951 Thin-Layer Chromatography
and G.J. Keller (Partition)
A.T. James and 1952 Gas-Liquid Chromatography
A.J. P. Martin
J.Porath and P.Flodining 1959 Gel-Filtration Chromatography or
Size-Exclusion Chromatography
J.J. Kirkland, Cs Horvath Late1960  High-Performance Liquid
and J.P.K. Huber Chromatography (HPLC)
E. Klesper, A.H. Carwin 1962 Super Critical Fluid Chroma-
and D.4. Turner tography (SFC)
J.C. Moore 1964 Gel-Permeation Chromatography
H.Small, T.S. Stevens 1975 Ion-Chromatography
and W.C. Bauman
A. Zlatkis and R.E. Kaiser 1976 High-Performance Thin-Layer
Chromatography
E. Tyihak, E. Mincsovics 1979 Over-Pressurized Layer

and H. Kalasz

Charomatography (OPLC)

Chromatography

is a phenomenon

in which two or more

compounds in a mixture are physically separated by distributing

between two phases: (i) a stationary phase which can be a solid or a



liquid supported on solid and (ii) a mobile phase (either a gas or a
liquid) which flows continuously through the stationary phase.
Differences in the affinity of individual components lead to their
separation. Chromatography is a collective term, which is applicable to
all methods that appear diverse in some regards but share certain
common features. The basis of several related separating methods is the
differential migration from a narrow initial zone of mixture with suitable
combination of driving force and resistive action of which either one or
both must be selective in order to achieve effective separations. The

chromatrographic systems can be classified according to
(1)  State of aggregation of the phases,

(2) Physical arrangement of the phases and

(3) Mechanism underlying the distribution equilibrium.

Chromatographic systems generating from solid, liquid and
gaseous phases are (a) liquid-liquid (b) liquid-solid (c¢) gas-liquid and
(d) gas-solid. If the mobile phase is a gas, the technique is known as
"Gas Chromatography" and if it is a liquid then the technique is called
"Liquid Chromatography". The stationary phase may be in the form of
flat bed consisting of adsorbent spread uniformly on a sheet of glass or
aluminium (thin-layer chromatography) or a sheet of cellulose (paper
chromatography) or packed into a glass or metal column (column
chromatography). According to the mode of separation of mechanism,
chromatography can be adsorption, partition, ion- exchange, size
exclusion, electrochromatography etc. A simple classification of

chromatographic methods is summarized in Table 1.2.



Table 1.2: Classification of Chromatographic Methods

S.No. Type of Chromatography Examples

1. Adsorption Chromatography Column Chromatography, Thin-Layer
Chromatography, Gas-Solid Chromat-
ography

2. Partition Chromatography Paper Chromatography, Reversed-Phase

Thin-Layer Chromatography, Classical
Liquid-Liquid Chromatography

3. Modified Partition (or High-Performénce Liquid Chromato-

Bonded Phase Chromatography) graphy (HPLC) and High-Performance
(HP) TLC
4. Ion- Exchange Cation and Anion Exchange
Chromatography Chromatography
5. Exclusion Chromatography Ion-Exclusion and Gel Permeation

Chromatography, Molecule Sieve
Chromatography

6. Electrochromatography Capillary and Zone Electrophoresis

The common liquid chromatography techniques are being

described below:

Adsorption: In adsorption chromatography, the retention behavior of the
solute is consequence of the interaction with the surface of solid
adsorbent. The adsorbent surface has a rigid structure making this type
of chromatography wuseful for separation and identification of
geometrically and structurally similar compounds. For example, fatty

acids have been easily separated by adsorption column chromatography.

Partition: Liquid-Liquid partition chromatography was first reported by
Martin and Synge (14,15). The distribution of solutes takes place

between two immiscible liquids. In normal-phase chromatography, more
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polar liquid (e.g. water rich) is the stationary phase whereas reverse (i.e.
less polar stationary phase and more polar mobile phase) is used in the
case of reversed-phase partition chromatography. It is a powerful tool

for the separation of members of a homologous series.

Bonded Phase: Applications of liquid chromatography are now made on
chemically modified (bonded phase) silica layers or columns. The
surface modification is done by chemical reaction between silanol
groups or compounds having cyano, amino and other groups in the alkyl
chain. The ¢olumn or layer materials bearing bonded alkyl chains are
used for reversed-phase chromatography to achieve more selective

separation of substances of very close polarities.

Ion-Exchange: The stationary phase in-ion exchange chromatography is
microporous polymer to which anionic and cationic exchange groups are
attached. The retention or separation of solutes is based upon
differences in the exchange bbtential between various ions of the ion-

exchanger packed in the column.

Size Exclusion: In size exclusion chromatography the solid support is a
porous polymer with a controlled pore size. The components are
separated according to ﬂtheir size or molecular geometry in solution. The
macro compounds are excluded by the stationary phase and emerge out
first whgreaé the smaller constituents are retained in pores of the
adsorbent. The size exclusion may be performed in aqueous systems (gel

filtration), or in non-aqueous systems (gel permeation).

Electrochromatography: In this case, separation is based upon the

difference in mobility of different ions under the application of an

external DC potential. lons with higher mobility (e.g. Na+) move faster
compared to those with low mobility under the influence of direct
electric current facilitating good separations. Capillary zone

electrophoresis allows separation of metals at nanogram concentration
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levels. Most of the separation methods of this category can not be
carried out using columns, plates or capillary tubes and hence these can

be better classified as "Electrophoresis methods".

Since the work presented in this thesis is mainly based on the use
of thin layer chromatography as an analytical tool, it is necessary to
mention the salient features of this technique. The following paragraphs
are devoted to cover all-important aspects of the development and
current state-of-art procedure of thin-layer chromatography as used for

the analysis of organic and inorganic substances.

1.4 THIN-LAYER CHROMATOGRAPHY

Thin-layer chromatography (TLC), a subdivision of liquid
chromatography is carried out on a flat surface and hence it is
sometimes referred to as planar chromatographic separation technique.
In TLC, the mobile phase (a liquid) migrates through the stationary
phase (thin léyer of porous sorbent on a flat inert surface) by capillary
action. This technique is simple, versatile and inexpensive means of -
separating and identifying the components of complex mixtures of

inorganic, organic and biocheinical substances.

The beginning of TLC can be ascribed to the report of Dutch
biologist, Beyerink (16), who separated hydrochloric and sulfuric acids
in the form of fine rings on thin layer of gelatin Using a visualizing
agent. Following the same method, Wijsman (17) identified the presence
of two enzymes in malt diastase using a fluorescent method for
detecting separated enzymes on thin layer. He used the bacteria obtained
from sea water as fluorescent agent. However, the invention of TLC is
usually credited to two Russian Scientists, N.A. Izmailov and
M.S. Schraiber, who used binder free horizontal thin layers (2mm thick)
of alumina spread on glass plate to the analysis of pharmaceutical

preparations which led to the publication of their classical paper (18) on
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"A Spot Chromatographic Method of Analysis and its Application in
Pharmacy" in 1938. Since their method consists of depositing a drop of
sample solution being investigated and the development by the
application of several drops of solvent on flat surface of adsorbent
before observing the separated zones, it was called "Drop
Chromatography or Spot Chromatography". They also pointed out the
usefulness of this method for preliminary testing of sorbent properties
before their utilization in the form of column. Though Izmailov is best
known for his fundamental work on TLC, his main field of interest was
electrochemistry for which he received the Mendeleiv Prize of the

Academy of Science of USSR in 1961.

In 1939, Brown developed a useful technique called "Circular
Paper Chromatorgraphy" which involves the placing of filter paper
between two glass plates and the application of sample and the
developing solvent through 'a small hole of the upper plate. To obtain
stronger adsorbent, he proposed the use of a thin layer of alumina
between two sheets of paper. In 1940, Lapp and Erali used a loose layer
of .alumina spread on a glass slide that was supported on an inclined
aluminium sheet. This sheet was cooled at its upper end and heated at
the lower end. The sample was placed at the top of the adsorbent layer
and gradually developed by solvent descending movement. The use of
heat at tfle lower end of the layer increased the evaporation rate of the
solvent so that increased development could take place (19). It is
interesting that, in 1949, two American Chemists, Meinhard and Hall
(20) gave the concept of "Surface Chromatography” and described their
work on the use of microscope slides coated with a mixture of alumina
(an adsorbent) and celite (a binder) to separate Fe** and Zn*'. Their
work was probably the first application of TLC for the separation of

inorganic ions.
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A great advancement in the development of TLC was made after
the work of Kirchner and his associates (21-23) who introduced the use
of larger plates. However, it was not until 1958, when Stahl of
-University of-Mainz; Germany (24) described- equipment and efficient
sorbents for the preparation of thin-layer plates, that the practical
effectiveness of the technique for separation was realized. The first book
"Thin Layer Chromatography" on the subject by Stahl appeared in 1965
(25). Since those days, TLC has passed through several stages of
development-until at present, owing to the efforts of many researchers, it
has become a powerful, sensitive and highly effective instrumental

analytical method, which in many respects is not inferior to HPLC.

Some of the advantages of TLC over HPLC, worth mentioning
here include less solvent consumption, low operational cost, easier
sample preparation, more rapid throughput, greater detection
possibilities and the use of disposable plates. TLC also permits the
simultaneous analysis of many samples in the same time period required
for one HPLC analysis. The samples and the standards in TLC are
analyzed under identical experimental conditions rather than serially as
in the case of HPLC. Due to advancements in instrumentation and
practice in the late 1970s and early 1980s, high-performance (HP) TLC,
overpressured (OP) TLC, centrifugal layer chromatography (CLC), and
reversed-phase (RP) TLC were originated.

HPTLC emerged around mid 1970's, has expanded the horizon of
TLC application to almost all the important fields of study. The
commercially available HPTLC plates being made of more uniformly
distributed finer particles of sorbent provide faster separations, reduced
zone diffusion, lower detection limits, less solvent consumption and
better separation efficiency. Typically, eighteen to thirty-six samples
can be run on a single HPTLC plate with development time of 3-20 min.

for a migration distance of 2-7cm. Further, the enhanced sensitivity and
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separation efficiency may be achieved using HPTLC plates containing a

concentration zone or those suitable for use in reverse-phase TLC. Some

of the differences between TLC and HPTLC are compared in Table 1.3.

The influence of environmental conditions on the reproducibility of R,

values has been the major problem of TLC.

The status of TLC amongst the other chromatographic techniques

varies from country to country. In India, TLC in its classical variant is

Table 1.3: Comparison of TLC and HPTLC

Parameter TLC HPTLC
Plate size 20 x 20 cm 10 x 20 or 10 x 10 cm
Average particle size 20 pm 5 pm
Adsorbent layer 100 — 250 pm 200 pm
thickness

Plate height 30 pm 12 pm
Sample volume 1-5uL 0.1 -0.2 uL
Solvent migration 10— 15 cm 3—-6cm
distance

Separation time 30 — 200 min 3 — 6 min
Samples per plate 10 18 or 36
Diameter of separated 6 — 15 mm 2 -6 mm
spots

Detection limits - -

(a) Absorption 1 -5ng 0.1 -0.5ng
(b) Fluorescence 0.05-0.1 ng 0.005-0.01 ng

HPTLC provides faster separation, reduced zone diffusion, better

separation efficiency and higher sensitivity.
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the most widely used chromatographic method because of the following
reasons. (a) The availability of limited number of liquid chromatographs
in researéh laboratories, (b) simplicity of the technique, (c) possibility
of simultaneous analysis of a large number of samples, (d) low cost and
(e) the ease of operation by a researcher with little experience.
Numerous publications on TLC/HPTLC applications attest to the
versatility and applicability of this technique in all branches of science.
It has opened new fields of exploration and become an invaluable aid to

separation scientists.

TLC can be used for (a) qualitative analysis (to identify the
presence or absence of a particular substance in a mixture, (b)
quantitative analysis (to determine precisely and accurately, the amount
of a particular substance in a sample mixture) and (c) preparative
analysis (to purify and isolate a particular substance for subsequent use).
All three cases require the common procedures of sample application,
chromatographic separation and sample component visualization.
Howevef, analytical TLC differs from preparative TLC as the sample
solution/or amount is applied on thinner layers in the former case,

whereas thicker TLC plates are used for preparative TLC.

1.5 TLC PROCEDURE

The TLC process is an off-line process in which all the procedural
steps, depicted in Figure 1.2 are carried out independently. The basic
TLC procedure involves the spotting of sample mixture (5-10 puL for
classical TLC and 1-2 pL for HPTLC) at about 2 cm above the lower
edge of the TLC plate, drying the spot (usually at room temperature),
development of plate with suitable mobile phase to a distance of 8-10
cm (classical TLC) and 2-6 cm (HPTLC) inside a cylindrical or
rectangular closed chamber by ascending technique, withdrawing plate

from the developing chamber, drying the layer at room temperature to
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remove the mobile phase, detection of spots on TLC plate using suitable

detection reagent, measurement of RF values of the resolved spots and

the quantitative estimation of the analyte after extraction from the layer
with suitable extractant. The differential migration of components
results due to varying degrees of affinity of the components in a mixture

for stationary and mobile phases.

Sample Preparation: Standard methods for sample preparation,
identification and separation of analyte present in a variety of samples
such as plahts, food, biological, geological and environmental samples
have been reported. In general, metal cation solutions are prepared by
dissolving their corresponding salts in 0.1 M HCI (or HNOj3) to a final
metal concentration of 0.1-0.2 M. Anion solutions are prepared in
distilled water, dilute acid or alkali solutions. Amines and phenols are

used as freshly prepared solutions in ethanol or acetone.

TLC Plate Preparation or Coating Procedures: The contemporary trend
is of using commercially available pre-coated plates. The manual
preparation of layers involves the coating of slurry of the adsorbent
(silica gel, alumina and soil) on glass, aluminium or plastic sheet (20x20
or 20x10 cm) with the help of TLC applicator. The thickness of dried
layer for énalytical purposes is kept to 0.2-0.3 mm. A binder (starch,
gypsum, dextrin or polyvinyl alcohol) is usually added to the layer

material to provide better adhesion, mechanical stability and durability.
1.6 SAMPLE APPLICATION

Sample application is one of the most important steps in the
technology of TLC. Improperly applied samples result in poor
chromatograms. 'Sample can be applied as spot or streak using
micropipette, microsyringe, melting point capillaries etc. A number of
automatic spotters of varying design are available for sample

application. The nanoapplicator (Nanomat) is an example of micrometer
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controlled syringes which has a dynamic volume range of 50-230 nL.
Another applicator (Linomat) allows sample application in narrow
bands. The application of sample as streak or band provides more
efficient separations. The sample should be completely dried before
placing the plate in the developing chamber. Dilute solutions can be
applied to the layer either with sorbent drying between successive
applications or after bringing the sample solution to proper

concentration.
1.7 DEVELOPMENT MODES

The process of migration of mobile phase through the sorbent

layer to effect separation of the sample substance is called development.
" Ascending development has been the most commonly used mode of
development in TLC. Other development modes such as multiple,
stepwise, circular two-dimensional and reversed-phase partition
development have also been used to limited extent. The distance for the
migration mobile phase has been kept to 10-12 ¢m for conventional
TLC. While performing the development one should take care of the
angle of the development and saturation of chamber apart from other

factors.
1.8 CHROMATOGRAPHIC SYSTEMS

The stationary and mobile phases together comprise the
chromatographic system. The proper selection of stationary and mobile
phase conditions decides the degree to which effective separations of

components in a mixture can be achieved.

Stationary Phase (Layer Sorbent): Silica gel, an amorphous and
porous sorbent has been the most preferred layer material followed by
alumina and cellulose. Thin layers of silica gel G (gypsum binder) and
silica gei S (starch binder) with or without, "fluorescent indicator" have

been used more frequently. Silica gel is slightly acidic in nature. At the
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surface of silica gel the free valences of the oxygen are connected either
with hydrogen (Si-OH, silanol groups) or with another silicon atom (Si-
O-Si, siloxane groups) (Figure 1.3). The silanol groups represent
adsorptidn active surfacercentres- that are able to interact with solute
molecules. On the other hand, alumina (aluminium oxide) is basic and is
more reactive than silica gel. Adsorption is the separation mechanism in
both silica gel and alumina. Cellulose, an organic material is used as a
sorbent in TLC when it is convenient to perform a given paper
chromatographic separation by TLC with decreased development time
and increase in the sensitivity of detection. The various types of layer

materials used may be broadly classified as:

(a) Untreated Sorbents or Unmodified Layers: Silica gel (G, H or
LS), alumina, cellulose, kieselguhr, polyamide, sephadex (a cross-linked

polymeric dextran gels) and polyacrylonitrile etc.

(b) Impregnated Sorbents: In order to achieve improved selectivity
the above mentioned and other available sorbents have been used as
layer 1ﬁaterials after impregnation with a variety of organic (high
molecular weight amines, organophosphorous compounds, organic
chelating agents etc.) and inorganic (aqueous salt solutions)

impregnants.

(¢) Bonded Sorbents: In recent years a trend of using both
hydrophilic and hydrophobic modified sorbent phases is receiving wide
acceptance. These phases are superior than those mentioned above under
(a) and (b). The hydrophobic modified sorbents .contain organo-
functional groups like methyl (RP-2), octyl (RP-8), dodecyl (RP-12),
octadecyl (RP-18) and phenyl residues. The hydrophilic modified
sorbents possess amino-, cyno-, and diol residues as a functional group.
The polar functional groups are bonded to the silica matrix via short-

chain non-polar spacer.
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(d) Mixed Sorbents: Mixed layers (impregnated and non-
impregnated) have been used by several workers for achieving enhanced
resolution of components. Mixed layers are usually of medium activity
as compared to the separated phases. The addition of kieselguhr in silica
generally reduces the activity of silica, resulting in a new sorbent layer
with altered activity that is capable of providing peculiar separations,
not possible on separated phases. The mixed layers of upto three or four
sorbents have been occasionally prepared and used for specific TLC
applications: However, binary (or biphasic) sorbent layers have been
more commonly used for routine analysis of organic as well as inorganic

mixtures.

(e) Ion-Exchangers: A variety of inorganic and organic ion-
exchangers have been used in TLC. These include the use of stannic
silicate,  zirconiumpho-sphoantimonate, zincferrocyanide, stannic
sulfosalicylate, zirconium (IV) antimonate, hydrous antimony (V) oxide

and polyethyleneimine (PEI) and diethylamino ethyl {DEAE) celluloses.

D Miscellaneous Sorbents: Certain layer materials, not covered
above include silufol; silufol with a layer of silica gel; soil; soil and fly
ash mixture; soil treated with neutral; alkaline and saline solutions;
polychrom [porous copolymer of mixed 1,4- and 1,5-di(methacryloyl-
oxymethyl) naphthalene and styrene]; silica gel H slurried in 4%
ammonium nitrate solution containing 1% sodium carboxymetﬁyl

cellulose; chitin, diatomite and chicken egg powder.

Mobile Phase (Solvent System): In TLC the separation of ions is
usually governed by the physical interactions of the adsorbent and the
coordinative properties of the mobile phase. The mixture of organic
solvents containing some aqueous acid, base or a buffer are, in general,
well suited for the separation of ionic species whereas anhydrous
organic solvents and water containing mobile phases have been found

more useful for separating nonionic species. Mobile phase should be as
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simple as possible and prepared from the purest grade of solvent. The
use of mixtures composed of more than four components of mobile
phase should be avoided because of problems associated with
reproducible preparations. In contrast to mobile phases of higher
volatility, which are capable to evaporate quickly from the sorbent layer,
better ré‘producibility is achieved with mobile phases of lower volatility.
The mobile phases used as developers in TLC may be categorized into

following groups.

(a) Inorganic Solvents: Solutions of mineral acids, bases, salts and

mixture of acids, bases and /or their salts.

(b) Organic Solvents: Acids, bases, hydrocarbons, alcohols, amines,
ketones, aldehydes, organo phosphates and their mixture in

different proportions.

(¢) Mixed Solvents: Above mentioned Organic solvents mixed with
water, mineral acids, inorganic bases or dimethyl sulphoxide and

bu(ffered salt solutions.

(d) Surfactant mediated - aqueous and hybrid solutions of cationic,

anionic and non-ionic surfactants.
SURFACTANT - MEDIATED SYSTEMS

These systems contain surfactant as one of the components of the
mobile phase. Surfactants in the aqueous mobile phase can be used in

the following ways:

a) As monomer surfactants where the concentration of surfactant in
aqueous mobile phase is restricted to well below the critical
micelle concentration (CMC) of the surfactant. These mobile
phases are most suited to separate ionic species by ion-pair
chromatography (IPC). In this technique, a small concentration of

ion-pairing reagent, which has an opposite charge to the ionic
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solutes (i.e. cationic surfactant for anionic solutes and anionic
surfactant for cationic solutes), is added to the aqueous mobile
phase and its concentration is kept low to avoid the formation of

micelles.

b)  As surfactant micelles where the surfactant concentration is kept
well above its CMC value. In such cases, the mobile phase is
composed of surfactant molecules in the form of monomers and
aggregates (or micelles). These mobile phases are very useful for
simultaneous separation of ionic and non-ionic compounds by

micellar liquid chromatography (MLC).

c) As microemulsion where surfactant in the presence of water, an
oil (hydrocarbon) and co-surfactant (i.e. medium chain length

amine or alcohol) is used as transparent solution.

Surfactants are long chain amphiphilic organic or organometallic
molecules containing a highly polar (hydrophilic or lipophobic) or
“ionic head group” attached to a non-polar (hydrophobic or lipophilic)
hydrocarbon tail of varying chain length. The “head group” is either
cationic (e.g. ammonium or pyridinium ion), anionic (e.g. hydroxy
compounds) or zwitterionic (e.g. amine oxide, carboxylate or sulphonate
betain) and the hydrocarbon tail which may contain at least 8 carbon
atoms. Depending upon the nature of hydrophilic group, surfactant can
be classified as anionic [R-X"M*); cationic [R-N*(CH3)3;X ]; zwitterionic
[R-(CH3); N'CH,X'] and nonionic [R(OCH, CH,)],OH, where R is a
long aliphatic hydrocarbon chain, M" is a metal ion, X is a halogen,
COO™ or SO4 2- and m is an integer. A list of some common surfactants

1s providéd in Table 1.4.
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Table 1.4: Some Typical Surfactants, Formulae and their CMCs

Surfactant Formulae CMC M)
Aqueous (normal)

Anionic :

Sodium dodecyl sulfate (SDS) CH,3(CH,),;;0S0;Na* 8.1x107?
Potassium perfluoroheptanoate C,F,sCOOK"* 3.0x 107
Sodium polyoxyethylene (12)- CH3(CH,);;(OCH,CH,,);, 0SO; Na* 20x10*
dodecyl ether (SDS12EO)

Cationic

Cetylpyridinium chloride C16H33N*CsHCI 12x10*
Cetyltrimethyl ammonium- CH;(CH,);sN*(CH;);Br 9.0x 10"
bromide (CTAB)

Nonionic

Polyoxyethylene (6) dodecanol CH3(CH,);(OCH,CH,)sOH 9.0x 107
Polyoxyethylene (23)- dodecanol CH3(CH,);(OCH,CH,),;OH 1.0x 10
(Brij-35)

Zwitterionic

N-Dodecyl-N, N-dimethyla- CH;3(CH,);1N(CH3),(CH,):SO5 3.0x10°
mmonium-3-propane-l-sulfonic

acid (SB-12)

N,N-Dimethyl-N (carboxy- C;sH;;N*(CH;),CH,COO 25 x 107
methyl) octylammonium salt, (Octylbetaine)

Nonaqueous (reversed)

Bis(2-ethylhexyl) sodium NaQ;SCH(CH,COOC;H,,)COO0CHy; 6.0 x10

sulfosuccinate (AOT)

MICELLES

Surfactant (or amphiphilic) molecules comprising of hydrophobic
and hydrophilic moieties tend to exhibit a considerable degree of self-
~organization when dissolved in aqueous solutions. Above a certain
concentration level, termed as critical micelle concentration (CMC), the
surfactant molecules in solutions (water or organic solvents) aggregate
to form micelles. The process of micelle formation is called
“micellization”. Micelles do not exist at all concentrations and
temperatures. There is a very small concentration range below which
aggregation to micelles is absent and above which association leads to

micelle formation. This narrow concentration range during which



24

micelle formation occurs is called the CMC. At low concentration i.e.
below CMC and at temperature above the critical micelle concentration
(e.g. Kraft temperature), the surfactant is dispersed in the aqueous media
at the molecular level as a monomer. The average number of monomers
per micelle is called the aggregation number (N). At 25° C and 1
atmospheric pressure, the CMC is typically less than 20 mM, with each
micelle consisting of 40-140 monomers. A conventional model of
micelles is that proposed by Hartly (Figure 1.4) which is very useful for
visualization of a micelle. The various structures formed in aqueous
solution on increasing the concentration of surfactant are illustrated in

Figure 1.5.
There are mainly two types of micelles:

a)  Normal Micelles: The molecular organization of surfactant
molecules in aqueous solutions results in the formation of normal
micelles. Above CMC, the surfactant molecules are self
aggregated in such a manner that the hydrophobic moieties (i.e.
hydrocarbon tails) are oriented inward forming a non-polar core
and hydrophilic (polar) head groups are outward keeping
themselves in contact with the bulk aqueous phase. Normal
aqueous micelles are generally formed from singly-chain

surfactants and chain branching inhibits micellization.

Micelles are considered to be dynamic in nature, with continuous
exchange of surfactant molecules, in and out of the aggregates occurring
in the milliseconds to microsecond range. Thus, individual surfactant
molecules (called monomers) are thought to be distributed throughout

the aqueous phase surrounding the micelles.

b) Reverse Micelles: In contrast to the normal micelles which are
formed in polar (i.e. aqueous media) solvents, reverse micelles are

formed in non-polar solvents like hexane or chloroform and a
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trace of water where the polar head groups of the surfactant are
directed towards the interior of the aggregate and the hydrocarbon
chains are in contact with the non-polar solvent. Compared to
normal micelles, reverse micelles are more complex and less
understood. Reverse micelles offer the same potential advantages
for analysis as do normal micelles i.e. the ability to solubilize
polar species that would be excluded from normal micelles. An
interesting aspect of reverse micelles is their capability to

solubilize water in the interior of micelle structure.

From macroscopic perspective, micellar solutions are homogeneous and
cannot be filtered. However, the unique characteristics of micellar
aggregates stem from their microscopically non-homogeneous nature
i.e., they provide a microenvironment, which is distinctly different from
the bulk solvent. The most important property of micelles is their ability
to solubilize substances that are otherwise insoluble (or sparingly

soluble) in water.
1.9 VISUALIZATION

Physical, chemical, enzymatic or biological detection methods are
commonly used in TLC. A book by Jork et al. (26) is an excellent
source of general information about physical and chemical methods of
detection. Physical method of detection involves the use of spectroscopy
or autoradiography, X-ray fluorescence micro analysis with a scanning
collimated primary X-ray beam, UV radiation etc. Among the physical
methods, visualization under UV-light is most common. The chemical
detection methods involve the spraying of plates with a suitable reagent,
which forms coloured compounds with the separated species.
Alternatively, the reagent can also be taken in the mobile phase or in the
adsorbent. In some cases, the detection is completed by inspecting the

TLC plate after spraying with a suitable detection reagent under UV-
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light. Both selective and non-selective reagents may be used depending
upon the requirement. However, reagents giving sufficiently sensitive
colour reactions with several species are generally preferred. The
biological detection methods (bio-autography) are useful for specific
detection of compounds with a certain physiological activity. An
example is the detection of antibiotics on TLC plates using triphenyl-
tetrazolium chloride and a microorganism that is sensitive to the
antibiotic to be detected. Similarly, to detect antifungal compounds by
TLC, inhibition of fungal growth was assessed by the detection of
dehydrogenase activity with thiazolyl blue. In addition to these
techniques, enzyme inhibition, immunostaining and flame ionization

detection methods have also been used.

1.10 QUALITATIVE ANALYSIS

(a) Identification: In TLC, the identification of separated compounds is
primarily based on their mobility in a suitable solvent, which is

described by the R value of each compound. Where

Distance of solute motion from the origin
Rp =

Distance of solvent motion from the origin

The factors which influence the magnitude of Ry are nature of

sorbent and mobile phases, layer thickness, activation temperature,
sample volume, chamber saturation, relative humidity and mode of

development technique. Another term RM, which is the lbgarithmic
function of the R value (i.e. Ry = log l/RF — 1) is more useful as it

bears a linear relationship to some TLC parameters or structural element
of the analyte. However, in case of continuous and multiple

development, where the solvent front is not measured, the term
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Distance moved by solute
R, [R, = ] 1s used.

Distance moved by standard

R value ranges from 0.0 for a zone not leaving the point of

application to 0.999 (~1.0) for zone migration with solvent front. Unlike

RF, Rx value can be greater than 1.0.

(b) Separation: When two or more analytes have differential
migratioh with the same chromatographic system, they are mixed
thoroughly, the mixture is spotted on the TLC plate and
chromatographed. The separated components of mixture are detected

and their Rp values are recorded. Some of the basic requirements for a
good separation are (a) each spot should be compact (RL— RT <0.3), (b)
the difference in RF values of two adjacent spots should be at least 0.1

(¢) no complexation should occur between/among separable species and
(d) chromatography of individuals and the mixture should be performed

under identical experimental conditions.

1.11 QUANTITATIVE ANALYSIS

The three main approaches related to quantitation TLC include
visual estimation and spot-size measurement, zone elution and in-situ

densitometry.

a) Visual Estimation and Spot-Size Measurements: ; This is the
simplest method of semiquantitative analysis. TLC plates with a definite
sample aliquot along side standards containing known weights of
analyte are simultaneously developed. After detection, the weight of
analyte in the sample is estimated by visual comparison of the size and
intensity of the standards and sample zones. The visual comparison
works well if the applied amounts of sample are kept close to the

detection limit and the sample is accurately bracketed with standards.
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The accuracy and reproducibility of this method falls in the range of 10-

30%.

To standardize the quantification methods in TLC, Mohammad
and Fatima (27-28) Mohammad and Tiwari (29), Nanda and Devi (30)
and Mlodzikowski (31) have established a linear relationship between the

size-of-the-spot-and-the-amount-of the analyte.

(b) Zone Elution: The zone elution method includes (a) drying the
layer, (b) locating the separated analyte zones, (c) scraping off the
portion of éorbent layer containing the analyte from the chromatogram
and (d) measurement against standards by an independent
microanalytical method such as spectrophotometry, gas chromatography,
voltammetry or titrimetry. Scraping and elution processes are usually
performed manually. Spectrophotometry has been the most widely used

technique for quantification of eluted species.

(¢) In-situ Densitometry: In-situ densitometry, a preferred technique
for quantitative TLC involves the measurement of ultraviolet or visible
absorbance, emitted fluorescence upon excitation with UV -light or
fluorescence quenching directly on the layer. Absorption of UV-light is
measured either on regular layers or on layers incorporated with
phosphor. Video densitometers are now available for quantitative
densitometric analysis. Modern optical densitometric scanners are linked
to computer and are capable of automated peak location. A double beam
densitometer equipped with a TLC scanner, an inteérator and a
microcomputer has been used for simultaneous determination of light
rare earths in monazite sand and the CAMAG turner fluorometric

scanner was used for the estimation of cadmium ion (32).
1.12 ADVANTAGES OF TLC

TLC is the most versatile and flexible chromatographic method. It

i1s rapid because pre-coated layers are available for use as received,



31

without preparation. It has highest sample throughout, because up to 30
individual samples and standards can be applied to a single plate and
separated at the same time. The automated sample applications and
- developers allow high accuracy and precision in quantification. There is
a wide choice of layers, developers and detection methods. The wide
choice of detection reagents leads to unsurpassed specificity. Less pure
samples can be successfully analyzed, as the layers are normally not
reused. Being an “off line” method, different steps of the procedure are

carried out'independently.

1.13 COMBINATION OF TLC WITH OTHER ANALYTICAL
TECHNIQUES

The careful combination of TLC with other analytical techniques
is more useful to collect information regarding the analysis of a complex
sample. ‘Spectrophotometry, high-performance liquid chromatography
and gas chromatography, in conjugation with TLC are the three most
widely used techniques. However, mass/GC, infrared and thermal
analytical techniques in combination with TLC has also been used. One
of the newest techniques used in combination with TLC is
photoaccuoustic spectrometry, which is capable to locate compounds
in —situ on the plate. Issag and Barr (33) combined TLC with flameless
atomic absorption spectrometry (FAAS) to identify an inorganic
compound in an impure organometallic complex and to determine the

recovery and purity of organometallic samples.

The examples cited above reveal, how the separation methods of
TLC complement the analytical methods necessary for the absolute
identification of a substance. TLC provides an excellent purification
method for separating a substance of interest from other contaminants in
the sample. Analytical techniques can then be applied to identify the

separated substances.
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1.14 LITERATURE

The research work performed on TLC analysis of organic and
inorganic substances has been well documented in the form of several
reviews, monographs, books and articles (34-44). CRC Handbook of
Chromatography series started in 1972 under the joint editorship of
G. Zweig and J. Sherma and continued since 1991 by the latter and the
Handbook of Thin Layer Chromatography published in 1992 and 1996
under the editorship of B. Fried and J. Sherma have covered nicely the
literature of TLC. Further, the latest work carried 6ut on TLC 1is
continuously being reviewed binnially in the Fundamental Reviews of
Analytical Chemistry by J. Sherma. The last review of this series has
appeared recently (45). The work published on TLC of metal ions,
amines and phenols during the last decade has been presented briefly in

Tables 1.5 and 1.6.



33

(43

IS

0¢

6V

)7

Ly

9v

*9NSST) URI[RWUIRT JO SPIJE OUTWE
Jo sIsA[eue ouLRWONUEULS 10] DTJH pue
D1 [eUOISUSWIP -0M} JO UOHBUIqUIO))

sIafe|
BoI[Is uo sjods o3ueIo se pazifensia pue
POAJOSOI 2I0M SIATIBALIOP UOTIBIPAYOIY ],

"9pLIO[Yd [Auoj|ns
-{-9USZUSqOIU-"T-OUTWRAYISWIP-§
AQ PazneALISp spIoe ourwe jo uoneredag

"A1oAanoadsal suonipuod
joy pue pjoo pun 3 [-z0 pue
31 -4’0 9Iom SpIOB OUTWE JO UOIO3}9P
JO JIWIT "SpIdR OUIWE JO UONEdIJIIuap!
oy} 10] juddear Aeids se uupAyuiu
-pwe oroydins-gj-toydures - Jo asn

"Anawoysuap £q sproe
outwe JO UONBUIULISNP SNOSUBIRINWIS

"SOATJRALIOP PIOR
ourwe pajejAsuep jo O1L oseyd-pasioas:
9y} Ul $399§J5 ul-3unyes pue Jno-unes

W31 AN 30pun agerd O
uo spwe ounwe pajeredss jo uonoalep
aAmisuss 1oy pesodoid st opAyspreusioj
— Juoyde[Alooe uafear mou

EERZULN

{9-d spruwredjod
pue 9-yJ sprwed|od

aso[n[eD

SUIQ)SAS
JUDA[OS poxIw eI

saseyd aiqow
Areurs) pue AXeurq usAd[g

31BJ[NS WNIPOS

sproe suoyorad
pue owordoad ‘onaoe
‘OIuLI0) JO suonnjos snoanby

SISWOTIUBUD SPIOE OUIIY

SPIOE OUTWE U]

SpIoe ouIury

SPIOR OUTWE [BISADS
QUISOIA] pue
ueydoid4An ‘ourueelusyq

SOATJBALIOD SpIoe
ourwe paje[Asuep uaayL,]

SPIO® OUTWE [BIOASS

P

SIUIUITIO)/SHIBWIY

aseyq Areuone)s

Ised IO

ANAreuy

100Z-1661 Sunin( paurioyrag spunodwoy) Suruiejuo)) udSoIN Jo saIpm§ JrLL U0 AINJBINIT ST IqEL



34

‘sproe "unIyd pajeudardur saseyd sproe
09 oulwe jo sIstost Jeondo jo uoneredsg S[eIOWI UONISUEI PUB UNIY) o[IqOW AIBWIS} pue ATeulg  OUIWE JO SISWIOSI -] PUE -7
"spmyj [ea13o[o1q uIuoaIy}-J
6S Ul SpIoe oulwe Jo sIsK[eue aAneiueng) sajerd [13q108 — pUR QULISSOWOY-T “QUISA[-]
‘(snpd) ruiasjues
pue ouoj -urwiAise) sSnup om} woig D, 198 eo1y1s SUISISAS JUSA]OS PaxIWl
8S  sprwe ourre jo uoyeredss aaneynuend) -ajeydsoyd (A) Auownuy pue snoanbe-uou ‘snoanby SPIoR OUIUIR [BISADS
"W} Yoys
AToAne[a1 e Ul spioe ourwe HJJ [[e JO
LS uonjeredas 1eao )L [EUOISUSWIP OM ], S199ys aprwreA[od — spioe ourwre-H1d
‘W31 ‘A () Fopun pauwojrad
sem uonodep oyl (3rig-y ‘AnAnisuos)
SpIOE  OUIWE JO UONDIJJOP OANISUIS
I0] paosn sem (SPUO[YS[A0ZU2qOIIUID
96  -¢'¢) weBear  Lexds mou vy — — SPIOB OUIWIR [BIADS
Aydei3oyewoxnyo uondiospe
Aq  sueydoydApjfuoyd-7 pue - . aso[n[[ao sueydojdAn [Ausyd pue
$S  pue sueydoydAn-g pue -1 Jo uoneredsg oAU pue SUI[RISAIOOIONA] SJUSA[OS snoanby sueydoidAn Jo srowonueuyg
urunqe
‘sueydoid4An jo sowonueus s19Aef sseyd winIds auiA0q FUIUILIUOD SUO
bS  Jo uoneredss ] oseyd-pasiondy -pesioadr jo odA} [eIoAdS  -nnjos orueSio-snosnbe PaXIA siowonueud ueydoydAi
PIOB OUIUIR 9AT}OR _
"uoneIn3Iyuod -7 Yim sproe ourwe 0} AJjeondo pue jes n) yum
paredwoo 3y 19mo[ sAey uonem3yuod-q uoneudaidunr  Ioye  QuoZ suoniodord jua1sgyip
M sproe ournry )], Aq sproe ourwre  Sunenuaouod  yum  oeid ur HOIJ 10 HOON pue O%H —
¢S -1 30 Ajund reondo jo uoneurwsd( [enyd  pareodsid  DLJH NDSN Jo SAIMIXIIN SpIoe ouTwe -(J pue -]
BEM | SJUAWWO0)/SHIBIY aseyq Areuone)s aseyd d[IqOoIA sf[euy




35

"S[ejow
UOIJISUBI} pPUB SPIOB OUIWE UJIIMIS]

suorue J1oy)

uonexs[dwod JOo NSl B Se paIzieal pue SUOI [BJOW  UOIISUEI)
69  sem sproe ourure JO uonnjosar paaoiduy ym pajeudaadun (98 eoIfIg - Sp1og OUIWE [BI9ASS
ULNX3POTIAd SSALIRALISP [Ajowr
89 suoneredas ey 3sO[N[[eD -0 Jo uonnjos snoanby pue oronyy sy pue ueydoydAiy
saperd DL wo (8ri{—1°Q W] UonRIap)
SpIoe OuIle JO UONISIP SANISUSS IO]
Juagear stusfowolyo mau e se pasodoid
L9 sem  osuoumbozusqouekorpororyorqg-d — — SPIOE OUIWE [BIFASS
(8+£°0)
SUBY}SWOIOYOIP — SUO0JIOE
"uonnjosal pue (0z+1) F1OD — [oueyiow
99 1L 105 swashs oseyd opiqowr MIN — ‘(0Z+6'7) suazuaq — surpuid SpIoe ourwe -H 1.4 uadysig
(1+7+26) 1912M-[OURBIOW
—S[INIU0Ioe. Pue (+9+51)
surjoid pioe oruoidoxd-[oueyiow
-1 pue 1addoo Jo xa[dwod e -uLoyoIoyD (€+2+9)
$9 SPIo® OUIWE JIWUA0RI JO UONNJossy Yim pareudardwt (93 evo1jig I9jeMm-9[LIITUOYIR-{oURINg-U SPIoE OUTWE JTWIORY
"SpIoe ounue-Jo AN[IqOW 3y} Uo J93JJ9 SIpLIOIYD SD pue QY sproe
9 mo-3unjes pue ] 9SBYUJ-PISIOAIY —_— 3 ‘eN ‘1T Jo uonnjos snosnby OUuIE PIJB[ASURD UIILIO,]
| o[u
-Ju0jade BUIUIBUOD SJUIAJOS SUIpNSIY PUE SUIUOIY)
€9 uoneredas )1 dH 9seqd-pasioasy — olued1o  paxiw  pue  aIng ‘QuIuI3Ie JO SOJRWEX0IPAH
SJUQAOS SIWOonURUY
79 Aydeidoreworys uondiospy 9SO[N[30 JUI[[RISAIOOIDI[ Olue3I0o pue snosnbe paxiy ueydoydA1] paninysqng
"Sproe outuwre-"I(J [Asuep Jo uoneredas YSTAN9°81-0D 1S pue- sploe
19  omderdoreworyo reuueld sseyd-pasionsy  PSLIM 8L YSTAN /METdY suornnjos s1uedio snosnby ourwe-(J [ASUep aA[om ],
REN | SHUIWWO))/SHIBWIY aseyq Areuonels aseyd I[IqoIN d[euy




36

ULIXapO[oA2-¢ 10-0 JO

sjoyoore
OUTUIE OTJBUIOIE PUE SPIOE

LL sIsAJeue aAneen) Ison[R) suonnjos pajenuadU0d ATYSIH ourwe ST eWOIe JIWoRY
"O71dH-dY £q pauteiqo
3sOU} WM s)nsar )] Jo uosuedwod (01+5+21)
oy} pue sproe ourwre yo uoneredas )L SuUOI N [OUBING-U — J[LIIUOIE — (()'9
9L Ul SUOI N JO SSSUSAIDISJJS JO UONEZI[) m v&mcwoag 198 voIi§  -Hd ‘N €°0) I9jnq 9JeIe0Yy SPIO® OUIWE [BISADS
spunodwod
"uonjeredas Paje[al pue SIPII09[ONU
G/  snosueynwis I0J )] [BUOISUSWIP-OM ] — — Kjuamy ‘sproe ourwe ATy |
"$10BIIX
Ul SpIoe ourwre 391 Jo souasaxd ayy
vl Jururepaose 10§ O L, [RUOISUSWIIP-0M ], aso[n[[e) — SpIoE oUTY
‘uonjeredss )], 1oye surwein(3 pue
€L  9UIdA|Z JO UONIIISP SOUSISAION[J AU — — Sproe ourury
"uoneredss DL
Areurwiioid (M SpIoB OUIWIE  UIBLSD (s+1
L Jo uoneuruuepp  owswoloydonoadg sared eoI[Ig §1-Y I0 €41 ‘I+]) Io1em - HOON SpIoe ouTury
‘syued [eUIOIPaW JO S}oBIXD
[, Ul SPIE OUIWE 33 JO UONEOYHUSIP] aso[n{[e) — SPIJ® OUTWE [BISADS
‘ueydoyd{n-g pue ueydoydAn-7 “(uey
-doyd£n-7 ‘(ueydoydAn-q va,-ozuE
-Ayje-1°1 Jo uoneredss 10y axnpasord (+1+¥)
0L D1 [euoisuswIp-ouo SuIpudsy sare[d [e1ry) O'H-HORW-9[IIIU0}0 Yy saaneaLrap ueydoydAa],
BEDS SHUIWUI0)/SHABWIYY aseyq Ateuone)s aseyJ dIqOIN JAeuy




37

9le}Jooe N pue suruIdie

93 sisAJeue sapelend) - Yum paean P8 eog — SISWONURUS PIOR OUIUTY
piae
orjAxoqies-¢-ueo  [p‘cc]
"SOAIJRALIOP [ASUED 1Y) pUB SPIoe  O[0A21q0Ze — S “YE “¥UI) NDS pue [DeN SPIOE OUIWE JO SIATIBALIOD
G8 oulwre jO siswonueus JoO uoUN[osay Yim pajeudardurl (a3 eoll§ snoanbe N ¢'Q JO samxip [Asuep pue siowonueug
"D71L 28ueyoxa puedy]  ayejooe 1addoo pue suruidie (08+7'8+8°S+9) HOSN
¥8  Aq SISWONUBRUS PIOE OUWE JO UOHN[OSAY - Yim pajesn [0 BOI[IS -QUI[IUROIONYD -JHL - O°H SIOWONURUS PIoR OUIWY
unyo pareusd saseyd spioe
€8 sis[eue aanenend)  -aidwi n) ‘uesOIYd Uty s[iqowr uauodwo2-331Y ],  OUIWE JO SIMXTW-T(] USASG
"Spo0J
Aqeq ur sploe OuUIWE JO UOTJEUIULIS}OP (€+0L) 101EM
oy  10]  Adoosomoads  aAneALISD — HO™H%) pue ([+[+p) 1o18M suruorylow pue ueydoidAn
78 Jo uopeulquod ur )] jo uoneonddy 198 eoIJIS — pIoe onede — [oupng-u ‘ouruidre QuIpnsIyg
‘sproe UL1IX9PO[IADd aseyd s[rqow Sururejuod surueejAuoyd
[§ oumwe jo spwonueud-JJ jo uogeredag -g Yum payipow eOIIS proe OIAX0QIEdIp puB BAI[)  PUB SULIAING ‘SUIONI] QUIE A
(81 2070 ~ yruy
UOIJ03J9p) SpIoB OUIWE JO UOIOJdP I0J (T4+1+€) 1918M —
08 poyew )] dqronpordss pue pider y D, 198 eor)IS proe o130k [erde|d — journg-u SpIoE ouly
"anbruyos} juswdopaasp juarpesd ardnnw ULIOJOIO[YD
Summoqioy s1skep oIS ILJH uo pue sueydsy ul dje1ROE [AYID
6L  SPIOE OUIWE JO SOANRALISP JO uoneredsg 198 BOI[IS JO  suonenuUaduU0d JUAISPI(] SOAIIBALISP SPIOR OUTUry
-anbruys3) [eonkieue
JjowoNsusp 0apla  Fuikojdwe sproe
8, oume [emsnpul jo L 2AnEIRUEN) — — SpIoE ouIury
REN| SIUI W O))/SIBUIIY Iseyq Aieuone;s aseyd IqOIA Jjhleuy




38

“Juade SuIx9|
-dwod se 91euUBASI0TY)OSI-{-oUIZUIQOZEIP
-ouIWR[Ayalp-f Buisn  spoe  ourwe

v -0 Jo sisA[eue pue uoneredss ‘UondI( [98 eoI[IS — SPIOE OUIWIY-D0 G|
QUIUOTYIAUIOU]3S
€6 sisAjeue aanenen) — — pUB SUIUOIYISIA
"SISWONURUS PIoB OUTWE [ASuep pioe
Jo sied ¢ jo uwonnjosar 9je[dwod 10j aseyd Areuonels 311908 ~9)BJo0k WINIUOWE SISWONUEBUD
76  pasn O oseyd -pIsIdAdI pue [euuioN  PSPUOq SULNXIPO[IAD-(] TAyIaLL) 04| -9[IIU0IDY proe ourwe [Asue(]
. "saxaput [es13010doy
pesodoid jo siseq 9y} UO SISWOSI-(]
puB -7 US3M]oq! UOTIIUNSI(] "SISWONUBUD spioe
16 pwoe oume jo uonemrdss L sarerd rerry) — OuTWe JO SISWOSI-] pue -(
O1L (sseyd-Teuwiou 10§) JHL ,
— UWLIOJOIO[YO puUE O[LIIUO0}R0E
"paLn os[e sem D' TdH uuojoro[yo pue  (aseyd
oseyd-pasiaady DL oseyd posioaar seid eor[is Y -pesidaal 10)) oy — HA Jo
06 pue oseyd—[euou Aq uoneredsg 817 pue [0S eOIIS pojeanju() JOJNQ 9JL}IOE PUER S[LIIUOINOY Sproe outwe-H 1 J us ],
(T 10 1+1+p)
68 sisA[eue aAneleng) sajeid eay) Ol — HOSN — 9[IIuojeoy SPIOE QUIUE dNRWOTY
(1+£+8)
ueudardwr Jo suotue ay) HOODHD- 10D — [oueinq
im SpIdE OUlWE OIUONED JO UOLBULIOJ S}[es WNIUOUIWE SNOLIBA -u pue (¢+]+8) HOODEHD
8¢  Ired-uor elA spioe ourwe Jo uoneiedeg YIm voﬁfzwu&ﬁm 198 BoI]1g — HOSW — [oueing-u SpIoB oulury
, ‘Poyew O LdH
Buisn syonpoid [emjeu jo syusuodwod
LS  JO juswdUIjoI pue uondenxe ‘uoneredsg — — SpIoE OUIUIR [BISAS
MEN SJUIWI IO /SHIBUINY aseyJ Ateuoners aseyd IMIqON AUy




-39

(40!

101

001

66

86

L6

96

S6

"SpIOE OUTWE OljeUIOIe
pue oneydie jo uoneredss aanejens)

‘Aydeidorewronyo Iake]-uiy) Jejjaoru
Aq sproe ourue onewose pue oneydie
oo woiyp adurjoid-T jo uoneredsg

sisA[eue aAneIUEN)

-aseyd 9[IqOW Sk SWISAS UOTIS[NWS0IOTW
guisn sproe oulwre Jo SisAeue )L

SpIOE OUTWE JO SISA[eU. dAnEINUEN()

JOARY
oseyd-[ewzou  Aq UOIN[OSAI  OTWIIOBY

"SOINIXIW UT QUIS0IA}-] pue edop

-1 Jo uoneyuenb pue uoneredss DL
"Juadeal

Suneudordwn [eIyo se oisem Ansnpur
[eonnaoewreyd e Suisn spoe  oulwe
-1 oIseq JO UOHN[OS3I sIdWONURUY

BUIN[E
pareudarduur wHN BN
‘1] pue eutwnje ule[d

rUIWnge ureyd
soreld D11 199108

[93 BOIfIS
sare[d J11 139108
(onorquue

O1[9A204108W) UIOAWOdURA
yim pajeudarduwr [33 eolfIg

[93 BOI[IS

UOIS[NUWI0IOIW J3JeM-Ul-[I0)

(S + S6) JoueIng + Jem ut

paredaxd uonnjos gv10 %I

tNH
snoanbe ¢,z — [0-g-uedoid
IoJem pUB SUBXdY

-u ‘gong ‘Sgs Jo Sunsisuod
uoIS[NUWI0I2TW

[10-UI-IaTe A\

EHN UTejuod SJudA[os
s1ued10 snoanbe-paxiy

(A/A) €+11 pue $+01
[OBN NS0 -9[LIU0I0Y

O?H-HOSN-3[HIU0}e0Y

SpIOE oUTWyY

SpIoE ouIwe
snewore pue sneydiyy

ueydoydAi] -

SpIOE OUTWY
SOUTWIE[RQ0d

pUB SULIdSOWOY-]
“QUIUORIY}-T “QUIDAT-T

sproe ourure [Asue(]

edop-T pue auIsoIfJ -]

audna-1d
pue aurea-J ‘QuIsA[-1(d
‘uipnsIy-1Q ‘uruIsIy-1d

R

SJUIUWW0))/SHIC Y

aseyq Areuonels

aseyd MIqON

heuy




40

"SauIwe
ORWOIE JO UONRUIULIDIOP SNOJUBI[NWIS
ay 10} (quarpesd amjeradway
Jo 2ouanpyur oy} Iapun Answojoydonsads
601 -D7TL) onbruyos  jeondfeue  moN [28 ®OIJIS — SUIWE JJRWOIR [BISAJS
‘sarerd _
D711 U0 SoUIWE ONBUIOIR JO UOND)IP
aanIsuas A[U3Ty I10J jua8eal mou e Sse v I0/pue [OYOdE
801 UOZBINJOZUSQONIUIP-9 ‘p~0IO[Yd-G JO IS} — [Ay1e ‘auexoy-] ‘ojeidde [Aylg SQUIWIE O1JBUWIOIE [BISADS
"Pa1eBIISOAUL Sem SaUTWIe JO AJ[IqoW oY)
uo aseyd J[IqQOUI Y} Ul JUIAJOS OdIUESIO sreniu (AQ)
Jo uonenusdouod pue oseyd S[IQOW JO  WNIISD WNIUOWWE YIIM  S[OA3] UOHEBIJUIIUOD JUSISLJIP
LOT 2dAy ‘wonenuaouod jueulardwr Jo 109pyg  pojeudardwi (95 voI[IS 1B SJUSA[OS OmUBSIO SnoLBA SaUTWE J1jeWoIe Ajuam |
"1oKe] s[uuojL1oek[od
uo UoIua3a1 pasearout oy
ur synsar sautwe o 1red siqoydorpAy ayp sourure
901 Uur asBAIOUL UR JBY} SMOYS SaUIe JO )TL sruojL1oeL|od sud)sAs snoanbe usasg sneydife pue onewWoIR U],
"SauIWe JO sanfea 4y pue D, 128 eorjIs _
unowre 9[qejds3ap I1SaMoJ ‘sjods Jo 10[00  snjd 9so[n[[ad [Aylow JU0)a9E JUIUTRIUOD
S0T Jo amjeu jo uoneurULd}Op pe uoljereds§ -AX0QIed wWNIPOS 9] SJULA[os  owedIo  PaxIp SOUIWE [BIDADS
"O71L oseyd-pasioaar yum SI9JJng SNOLIBA pPUR )[eS Pappe
01 saurwre jJo Ayorydody] jo uoneurisiag — ynm (1+1) Ierem-JOUuByION saurwre [A1e pue [V
. 198 ®eoIJIs
. paleudardwr  9jeydins
"surwejAuaydip pue sjozeqieo woyy I1addoo pue aso[n[[ed SUISISAS JUIA]OS snoanbe SOATIRALISP
€01 poreredas A[nyssaoons useq sey s[opu] ‘euiwinje ‘(98  BOI[IS -uou pue snosnbe [BI9A3G 113y} pue SOUIWE [BIAAJS
PEN| ST W 0))/SHILWIY aseyq Areuone)s aseyq IO feay




411

911

Sl

141!

el

[48!

Il

011

‘D11 [euoisuswip
— om} Aq soidures ysy ur sourwe
o1u9301q Jo uoneredss pue UOTIRUTWLISIA(]

“uonoenxs sseyd
-p1[0s Aq saurwe pue saurweosonu jo dn
uedo sdwes o3 anbruyosy uoneziundo
papre-1amduwios Jo uoneorddy

"SSUIUIE SNOLIRA JO J0}08]
UOliepIe}al Sy} UO SSUIWE JO S[NOJ[OW
Syl Uur swoje-) JO Ioqunu 3y} pue
sdnoid juominsqns JO 2INJeU Y} JO S}
JO uoneuIWEXS puB SisA[eue 2AnEl[ENd)

'Sas
Y a1om suonjeredas 3sog -oseyd a[iqowr

ur se [[am se AIeuone)s Ul SjuejoeRIns

Suisn  soutwre  onpewore  Jo 7L
‘sojduwres 1opmodung
SSO[aowls  WOY  SOANBALIOD  djenjiu

s} pue sunuejAusaydip jo uonesyTUSPI
pue uonefost 10} O] jo uoneorddy
"Juadear

S AQJIRIAl YIIM UOTIBZIIBALIOP I9)Je Soulwe
pue sjoyoo[e ourure [eingd> jo uoneredog
"D’11L [BUOISUIWIIP -0M}

Aq sourwIe 9SISAIP A[[eInIonns pasueALIap
Jo Buiddew jo Apms saneredwoo oyf

sare[d juaqios

papuoq  -NO pue -joiq

syjes
WInNIpos SnOLBA JO SUOHN[OS
snosnbe yym pojeudardun
198 eois ‘D, [98 eollig

qdv1O %I
Yiim pojeudaidwr [ eorfis

pue D, [93 eolis uleld

soreld O TLdH Stdm $1-4d

(1+7401) suoooe
—oUIWE[AYJALI—oUdZuaq
{(1+6) surwe[AyloL —auazuag

fouedoid-z ‘auexayoo4hd
Que00-0st  HVOIg moqﬁmoa
uexolp —  AUBXAYO[IL)

(¥+1) 2uazudq — SUBXaYO[ILD)

SaINXIW Y[ — 3U0}ade

— WIOJOIO[Yd pue ¢gVvlD
%C ‘0T-UPMI, %E ‘SAS %I
{(9+¢) wojoIo[Yd — Suszudg

sauiwe 21ua301q Y31

SQUIWE PUE SAUIIBOSONIN

sauture
ONBUIOIR USAJS—AIUdMm |,

Saurure onewote usauy |

SSOALJBALIDD
ajenuu s pue surwe[Ausydiq

SOUIWE pue S[OYOd[e
OUTWE [RIYO UIIUNO,]

Souttie Usalmo J

P

SIUSWITUO))/SHIBUIY

aseyq Areuone)s

aseyq SO

Jdeuy




42

"A1oA1399dS31 946" € PUB 947786
slom (ISY pue A1240021 3y] -aejd OIL
uo pareadde wuypgy je jods oy Suruuess

Aq sonueid Surrfoery Ul sjespowr (Z+€+S) proe onaoe
€Cl ourweusydioyds  Jo  uOnBUILLINR( v$T .y 198 eoI[Ig %9 — [OUBYIoW — 3)BIBAYI] SOUTUWIE [BISAIS
D,

‘soutwie onewore Arewad 98 eoI[Is yum paxiw ajeyd suonN[oS pIoe SLOYd sautwe

CCl jo sis[eue sanenuenb pue sanenend) -soydopqAjowl  wniuodlZ -0IpAY puB QJenIu  WNIPOS onewore Arewnd us9xIg
"SpoyIow
oiyderdojewionyd jusIpeid [euley) pue
suswojoydonoads: Buisn  ssurfiueOnIU

[Z1 -0 pue -d ‘“w Jjo uoyeUIULARJ — — QUI[IUBOIIU JO SISWOS]
: "SUOT}OBI OTWAZUD
Jo asn o) ym sojeld DL uo saurwe

0Z1 Jo (Sux) sonynuenb asgen jo uonodeQq — — SOUIWE [BIJAQS

‘suonieredas aanjeyjenb noy suonnjos SauIwe SNBWOIR

611 pue sourwre onewore Arewud yo D]  djeydsoydoisSum (1) uo] jes pue owpoe  snoanby Krewnad x1s -Kjuom |

. (1+¥) 198 .
"SQUIWE  BOIIS — ISO[N[[90 9sO[N[[d

811 onewore jo uoljeredos pue uonedYUIP] ‘eurwInie ‘198 BOI[IS  9jejooe Iaddoo snoanby 94170 Saurwe d1BWOIR [BISASS
| ‘saurjiue
Jo oouonbas  uonnpd  [elUSWIIAdXD
a4} yo uonorpaid 3091100 © S9AIS suonjouny
ANAnOoUUO0d 9 Jo sisAjeue uolssaIdal
JlqereAnNjA  "AJIALIOSUUOD  IB[NOS[OW
Aq ssulue owos J10j  sisjouwrered

LTT owdeidoreworyd Jo uonoIpaId [93 eoIpIg saseyd o[1qow SNOLB A SOATIRALISD SUI[IUY

PEN | SHITIWWO)/SHICWIY aseyq Areuone)g aseyJ AqOIN heuy




43

0¢l

6C1

8¢l

LTl

9C1

Aydeidorewonyo uonnted pue uondiospy

"U0}208 WOy
POALIOD SoUIWE 10] 1S9} 2ApeN[enb v

‘spunodwod suiure Jo
uonodlep I0y syuagear Aeids se papodar
sIe UBXeINjoZuaqoIIuIp-9‘4-0I10[yd
-L Pue UeZeIoZuaqonIuIp-/‘G-0I0[yD-f

‘S[eaw ysiy ul
sauTwre d1Us301q JO SIsA[eur aAneIUENd)

"S19Ae]
aseyd-pasIoAal pue [o8 eoIfis ur sjonpoid
UonONPaI Y} 918 YOIYm SOUTWE ONewiole
Jo uoneredos DL (g wen |im)
uonnred pue (v usnpe Yim) uondiospy

"sanfeA 4y Joy3y
3uIAId Ioysey pasow Jey siswosi-d pue
-0 Jurpuodselioo WOl SAUIWE S1JeWOoIe

81-d¥ pue sayerd joip
‘Qure  papuoq ‘[e8 oIl

75T o [93 BOINIS

. ®BOIfIS
81 -dY pue g -4 ‘98 eo1ig

H, 198 eoI[1s pue .0, 38

sjuaAos (JHLL
‘QIInIuoade  ‘HOSIA) OtuedIo
pue 19yJnq 11908 Jo asodwod
saseyd a[iqow Areurg

3U0133. [A)90BOSOIIUOS]

(1+071) surure
-[AJ1oWILI—UBYISWOIOYOI(]

Iajem — [oueIdIN () pue
suexay-u — jouedoidosy (V)

journg 10
Jouryuad-| pue sueydsy ‘191EM
‘dv1D 1o §OS Jo Sunsisuod

SOATJBALIOD IIOY) pue
spiojey[e ‘sourure oruagorg

SoUTWE J1]0A00193Y
pue onewole Aney ‘oneydife
Arepuooss  pue  Arewrig

spunodwos suruy

sautwre oruadorg

sautuie J1JeWOIe [BI2ADS

§Z1 Jo sowosi-w jo uoneredos oANEN[EN) EBOIIS ‘3SO[N[[0  ‘BUTWN[Y UOIS[NWIS0IOTW  [I0-UI-ISJBA\  SOUIUIE OTJBUWIOIE JO SISUIOS]

sa[dures pooy

Ul SOATIOALISP [ASUBP SB UONEUTULIDNIP

: OUJQWONSUIp njis ur pue uoneredss
¥C1 10} poyowr )], pider pue pijea ‘s[durg 198 eoIIS — saurwe smwagorg
MEN | SHUIW U0 /SHIBWIYY aseyq Areuonels aseqd dIqOIAl L[euy




44

"sutwe[Auaydip pue apAyapezusqourule

9¢1 -[Ayraunip-d woy sjoput jo uoneredog D, [93eo1jIS Iajem -10Yo9[e -gV 1D SOUTWE JIJBWOIY
p ‘SUI2)SAS
oseyd ofiqowr  Sururejuod  JuRIORINS
OIUOI-UOU  JuISn  SSUIWE  ONewore sas snid
GEI JO 101ARUYDQ UOWRISIW JO UOTJBUIUEXY D, 193 eoIqIS 001-X1 Jo suonnjos snoanby SouTUIE JIJRWOIY
-arerd D1 uo
surwrejAusydip UM UOHBZIQALIOP IO}
Ioe SI0AE] BOI[IS UO PIASIYOR U2 Sey RELEEI I 3s0[N[[9o duI[[e
opAysprewreuundAylowip-d woy spAysp  -YiaIp PuB JUBXIYO[oAd -I1SAI0IW  pue  IYnF[asory
$€1  -Tezuaqourwre[Ayiowip-d jo uoneredeg ‘Oprio[yoeila) uoqie) ‘eurume ‘0, @8 edI[IS SauIwe o1ewory
"Jeour
Usy poziuagowoy WOl sulel} pue
tel surwesy yo woneoyund pue uonorIXg — HO°IN saurwe sruagorg
uonnjos snoanbe
"Airejod s outwre uo pue onel BlUOWWE 94,G7 + OUEXOIp
[°H90] /[eruowure] uo 3y yo souepuada(y -4‘] pue BIUOWWE JO UONN[OS sauruwre
€1 soute  Ajuam)  JO  UOTIBOIIIUSP] AN - $ST - [oM[Is ‘be o467z  +  ouexolp-4] Arenia) pue A1epuodsg
‘0711 pue Answoyoyd
-onoads Aq SWIOJ [BUIdIPSW  SNOLIBA
1¢1 ut [ousydourwe-d Jo uonyRUIULIS( — — Jousydoutury-d
7oy SIUSWWO))/SHABWIY aseyq Aleuone)g aseyd d[IqOIA JA[euy




45

tvl

[47!

84!

)4

6¢1

8¢l

LEl

D711 eAneend)
‘Kdoasonoads

uondiosqe orwole Aq paurw
~1919p 9IoM SUOI [ejowr pajeredag

"Saje)s AQUS[eA JUID
-JJ1p JO suoI [ejowr Jo uoneredag

"0p:1 03 [:0g woly SuiSues
sonel JH:I7Z Sururejuod saxru
woiy 17 jo uoneredss a1o[dwo))

"Suol oruegiour Auew wolj
(IIA) 9 Jo uornjeredas 2ANO3[oG

uoneredss saanenend

sIsA[eue aAnElEN)

aso[n[[ad [Azuaqourury-d

D, 198 BoI[IS

(ysejdourwre) rswkjod
SpAYSp[ewIo] apluweqied
PazZISaYuLs pue aso[nj[a)

198 eolYIS

3soN[[99-90) [Ayjourwe
-(JAdoxdAx01pAy-7) -1Ayis1(q

asoqn[[a9 [Azuaqourury-d

sare[d D TLdH
75T, 198 BOINIS ‘o3 BoI[Ig

SQINIXTW oE.SEo wnru
-owwre-[)H pue [DH by

(A T°0 -10°0) d1e[004[301y}
wnipos Jo suonnjos ‘by

SWISAS JUA[OS JIpIoe
pUE [RHNSU UIAS[]

oprxorad
Uua30IpAY JO SUOTIBNUID
-U0J JU3I3JJIp Sururejuod

YOSH 10 IDH +*ONH

SW9)SAS SPLIOTYD WwnIu
-owwe + [DH pue [DH by

SWRISAS 9reyns
wnuourure +¥OGLH pue
(N 0°'1-10°0) *OS™H bV

SWIAJSAS JUSAJOS oI1ue3IO
-snosnbe pue druedio jusu
-odwoo nnu pue 9[3urg

SuoI d1ue3Ioul UTU-A1IO,]

UN PUB qd ‘1D ‘UZ “IN 94

SUOI [B}oUI [BISADS

JH pue 17

suol sruediou]

SUOT o1ue3IoUT JUIU-A110,]

T pue
+610 ©,£00 Jo saxa[duwod

PA

SPUIWWIO)) /SHABTUNY

aseyq Ateuonels

seUd dIqOIN

(oreuotNIp-¢) SUIT
 afeuy

1007-1661 Sun( pauriopiag saxajduro)) [e1dA pue suoj dueSiouy Jo saIpny§ HLL U0 2INJEINIT :0°] AqEL



46

0S1
6v1

871

Lyl

91

94!

124!

‘Sjua8eal
UO119939p XIS Suisn suoned Jo
uonesnuap! pue uoneredsg

0711 sAneNEn)

"$1SIX9

SUO! [23J0W Y} JO SISqUINU D10
o pue (01+1) AHL-OSINA yim
padojaasp s1ake] pajeugarduar uo
saneA 4y Us9M12q UOTIR[ILIOD Y

"aseyd

afiqowr ay} ul syjes orwediour pue
‘N ‘HOP JO Suonenuaouod
9y} Jo uouny & se sisjowered
oryde130jeWIOIyd JO UOTERUTW
-139p pue suoneredss aanelen)

suorjeredss sanelen)
suonjeredss aAnelIEn)
-aseyd ayiqowr oy

ul pIoe SLIIO JO UONBIJUIIUOD

SuIseaIoul yym 9seaIOUL SUOT
SpIUBYIUL] 93U} JO sanjea 4y oy,

ason[e)

UBSO}YO/ULIYD)

OSING Pim pajeudardur
[08 ®o1[Is “.0, [93 voIIg

UBSO}IYD /UL

SIuoleI(]
9pIUBA20119] oUI7
L-N[ duturnd jo

SUONIBIIUIOUOD JUSISJJIP
Yim Pajeod |38 BOIIS

(1+6+6) [IDH duo0o
+ JUO0JIIE 4+ SUO0JIIB[AIOY

saseyd aiqowr ‘be [e12A3g

OSIN{ Sururejuod sjusA[os
ored10-snoanbe paxIjA

[oueylow
snoonbe u1 suonnjos
Jjes owrediouy A 01

Sjes pue saseq
‘SpIoe JO suonnjos

aenIu wnfuouwrwe by

(A 0°'1-10°0) PIoE 91D

suoted
JTURSIOUT SUO-AJUIM |,

SUOl [eloW UONISUeI]

A pue Oy ‘0D ‘SH 3y
U 8L ‘N M IZ L

‘ny ‘e I Y 9f
‘1D ‘PO ‘Pd ‘UZ ‘0D IN

3y pue IN SH ‘PO ‘0D m)

SIUSWISO YMBI-2IBYy

S[eleut 1BV

YL PUBIZ ‘A “IL ‘A ‘QA QL
‘PO ‘ng ‘PN *,,20 *,,20

P!

SHUIWWO0))/SHIBWIY

aseyJ Aieuone)s

aSeqd dIqoN

NAeuy




‘47

"sIaAe] eoryis pajeudardwr uo (/-1 Hd)

suornnjos snoanbe woiy suor [ejow

9¢ ¢ 1enbife pue g pas
ULIBZIR JO INIXIW © J}IM

8G1 Jo J01ABYSq UONUSIAI JO ApMmIS pareudaiduur (23 eoIIg — SUOI [B1oW USAJ[H
sourure
"SUOI [21oW PE JO UOTIBDIJIJUSPI 9A1) WS1om Ienosjowr Y3y A PUB 1T ‘1D 94
LST -ejirenb 10J O aseyd-pasioaay UM pIJeod [93 BOI[IS proe owons by ‘uz ‘nd “IN ‘0D ‘U
"Anowwreyjoa Suiddins
JIpoue dABM-arenbs-)11 £q
9¢1 S[e1oW AABIY JO UOHBUIWISIS(  9SO[N][AD SUI[[BISAID0IDIA —_ uz pue p) ‘qd
Iem + [DH
¢Sl suonjeredas sAnelen) aso[N[[e) "JU0D + [OURINQOSI + [OURI UJAl pue n) ‘o
0) 10 IN ‘U7 ‘n) sjeydsoyd vcm. JJeuRAd
"SUoIue JO uon Jo suonnjos jfes ‘be ym PIo® [BISUIW JO JTULIO} -OI1]} “91BLI9JOUAIBXIY
vS1 -eredas pue UOI309)9p WEIS0IOTIN pareugaiduwir 123 eoryIg ‘OSINA YNM PaxIw auoledy ‘SuUOTUBAXO ‘sopIeH
apIXo
€61 suoneredss saneend (A) Auowmjue snoIpAyuy sproe o1uedio ‘by SUOIUR U3JJUSADS
‘suoneredas {ON ‘;ON proe
pue [ ‘1g ‘D Uo S[ejawW UonIs 198 ®eo1yIs JTULIOY SUTUIBIUOD SJUSA
ZS1 -Uel} JO 103}J9 93 JO suonesnisaAu] snyd eutwnye ‘eurwn]y -]0s o1uBS10-JIPIOR PIXIIA suorue uUaay3ry
"SOJeLIJOUBAD pue
SUOTURAXO 19130 woij aeporrad
J0 uoneredas oryderdoreworngo -, (ND) o pue _PO0N
181 Y3 uo sfejewt Aaeay JO 103439 EEREUIN 1oyem paf[usiq 1°.,01d°,0I ‘0l
PEN | SHUIWWI0))/SHIBUIAY aseyq Areuonels aseyJ [IqoJA Ijd[euy




48

¢o1

¥91

€91

91

191

091

651

*sAO[[e JUAYIUAS

woy qd Jo uoneredss sanejnueny)
“SUOI [B19W JO DL Uone[ayo

pue aseyd-pasiaAal ‘oseyd-[euLIoN

"sopdures [eo13

-0[0338 Ut uonRUIULISIP SAV-dDI
yuanbasqns 10y D] Je[noird Aq
SYMEBI-9IBI JO UONRIIUDOU0I]

"1 T10s Aq wnTwpes Jo AJjIqow ot
Uo sjusnyisuod pue saruadoid
T10S JO 9ouanyuI oy} Jo Apnig

‘so[dures 1a1em [eInjeu pue sKoffe
Jo sisA[eue ay3 Joy uoneorddy

"SUOI I9Y}0 WO}

(IA)A Pue (ADYL ‘(DA (D)
yuea-ares ‘(T1))9S Jo uoneredsg

"199ys sse[3 snoiod uo
pajeredss SUOED JUIISIION[] JO
sanfea 4y pue sjTWI] U0

suonjeredss aAnE}EN)

ddl 10 vidd3io
SUOT}EIJUOUOD SNOLIBA IIM

papeoj 198 eo1is pue ure[J

8 XQ§ UOIX1]

SOTISLIgJORIRYD

JUSISHIP Y3 [0S

9 -UMOID

- 81-o0zuaqIp jo So[eue
YHM payipow [93 eaIfIg

9S0[N|[2o [Ay3d0uTUIE
(1AdoxdAxo01pAy-7)-1Aq101q

199ys sse[3 snoiod

s[e8
I193ueyoxa-uot d1uedIoul

PUE BOIJIS JO SAINIXIN

SWIASAS [DH -
OSINA pue {ONH-OSINA

91110 WNIUOWWE
WSO TDHNOS
TO'HNIN T YO D*HIN 1°0

131eM PITMISIA

ajeydns
WNIUOWWE-PIo. OLINJ[nS
pue proe ounjns ‘by

(AA‘T+66)IOHIN €+

ou0320. 10 (A/A ‘T + ¥ + 69 + SL)

[DHINT+fONHIN 1
+ 9UdZUSq + [ouring -U

SUIISAS
JUSAJOS JUSISFJIP USVIXIS

S[ejoW 9IX0 [

SIUSW]D YB3 -2IBy

SUOI [eI9]N

IN Pue nD ‘pQ UZ 0D 24

Suol o1uedIoUl JUIU-A110,]

1g pue q4

‘1L ‘9L ng @D ‘e ‘uy
‘PO “BY O IZ ‘A @D
‘Uz MDA ®D TV N

SUOI [RIIN

P

SJUIW WO /SHIBUIDY

aseyq Areuoyel§

aseyd GO

deuy




o "SUOI [e1oW saurwe yJrom
<« [RISASS JO SIMIXIW O1}OYIUAS WOI] Iepnosfow Y31y yim IDH 10 fONH
eLl umrueIn Jo uorjeredss oA1199[9g pareudardun 33 eoIIg pue JIN JO SAIMIXIN wniuen)
£€ONH JO uonenuad
-U09 JO UOT}OUNJ B SB SUOI [ejowl ¢ONH Suol [elouw
Ll Jo wsned Ajjiqowr Jo UoTRUTWEXS] oIS JO SUONENUIIUOD JUIJI(] uonIsuer} SALRS pe
"aseyd s[iqow 2 erpawr ayeydins
Ul uonenuaduod sjeydins 1o proe (A) 9S pue (I11D) 1D wniuowwre 4 proe duny
L1 Jursearour yyim asearout sanfea 3y {(A]) US JO SSROIISOUISIY -[ns pue proe sunyms by SUOI J1UBZIOUT SUIU-ALI0,]
‘onbruyo9) Suipusose _'OS pue _NOS
Io Terpes 3uisn sueyowuAdiuerp ason|[22 aurwejAdoad (a+¢) ‘ fON “_%ON ‘_*Od*H
0L1 se suotue oswediour Jo uoneredog -AX0IpAY [Ayown | WIOJOIOYD + QU0 ‘YOID O ‘I 3d 1D
"19)eM BIS
[erynIe ul_tON JO U0HBINUSP] <D, [93 BOI[IS + BUTWIN[E
"S}jes SuIsned SSaUpIeY JO 20U ‘QUI[RISAIO0IOIW 9SOSN[[9D
691 -sa1d oy ut suorue Jo uonjeredag ‘euruunye ‘.0, 198 BOIJIS — SUOIUE JWOS
‘suotue
UIBLI132 JO UOTRUIULISIOP PUE UOT)
891 -03)9p 10 sajeydsoyd pioe Jo as) — — suorue JWog
"sfelowt
1ayio woxy (11) qd pue (1) nD
L91 ‘(11D 24 30 suoneredss saneIIUEN]) 9)e[Ad1[eSOJ[NS dlUUE}S — s[ersw AABoH
) SUOI [e}oW [[B[E pUE
991 suonjeredas aanelEN]) aso[n[[a) saseyd a[1qow Moy uonIsuer) XI1s-Ajuom |,
MEN | SHURWWIO)) /SHIBWY aseyq Areuonelg aseyd d[IqoIAl Ih[euy




50

081

6L1

8LI1

LLT

9L1

SL1

VL1

"SUOI JO sanjeA 3y oy} pue
V4 /SINEI JO UOTIBIUIIUOD UM
-13q dIysuore[aI JO UOTJeUTrEX s

"SHWI] UOTI99)9p I19Y} JO UOTBW
-1183 9y} pue suol Jo sired [eIoA3S
10§ UOTINJOSaI JO Uonen[eAyg

‘O'H
Yiim UOnN|S 19)je SUOI [ejoW JO
uoneuiuLId)ap srdoosonoads AN

"uonepIxo A1p £q sanss1} [es130]01q
WOIJ UOToBNXd Jaye N JO DL

"sjueudardwil Jo UOTIRIIUIOUOD

oy pue aseyd sjiqowr Jo Hd

JO dduan[yuI oY) IopuUn suoned [ejow
Jo moraeyaq uoneIdiu uo Apnig

"soxa[dwoo ajeydins SIUOTUE WLIOJ O}
PUS} YoIym SYIIea-9IR1 JUI[RAIS}
pue suol jusfeaL[od Jo uoneredeg

"SuoIUe pue
suoneds Jjo uoneredss sAanelend)

198 eo1Ig

198 BOI[IS

09 [93 ea1[IS

D, 198 voIIg

SI94e]
BOI[IS PSIJIPOW-908LING

ajeydsoyd pioe
[£xaY [Ay39-z-ouowr yim
paeulaxduwnr 33 eorjIg

sjeydsoyd proe
[AXaY [AYje-Z-ouow 3Im
pareudardu 23 eo1[Ig

(v1) proe ooy + (YNGI)

QU019 [Aylow [AInqos]

au0}a08[£}1998 + [DH

(I:#:6)
AN +°U03908+3UdZUdg

proe d1190e + HORA

9JeuLIO]
WMIpos pue proe OIULIof
Jo suonnjos snosnby

SJUOA[OS
o1edIo pue pIoe ouUNJng

ploB OuIo}
pue ajeydsoydjAinqin
Bumureuod HOSN by

suor orue3Iouf

1d pue £ ‘pd ‘UY ‘nY ‘ny

pD pue n) SH

1addo)

SuoIed [e19W oruegIou]

SuoI druegI0U]

suotue
JWOS YUm SUONE))

P

SIUIWWI0))/SHABWY

aseyq Areuone)g

ISR IIqOIN

AJeuy




51

L381

981

¢81

121!

¢8I

81

181

‘Juswamseaw eare-jods £4q QN
pue _1g ¢ ] JO UONRUIULIDSP JALE]
-nuenbrures ‘onbruyss) Surpuadsy

"SVV £q uonew
-11S3 2AnEIIUEND pue samyxiw
yusuodwod 319 Jo uoreredag

"S[ejouwl Iayl0 WO}

uonjeredss DL PYe SYV Aq
(1D nD 3o uoneredass sanejueng)

(8 4'€-7T°0 ‘uonoa)ap Jo i)
uon99)9p pue uoneredss sanelend)
"$a1B)S ASUI[RA

-eyuad pue -19) 1194} Ul SIPIU

-1}o€ JO InolAeyaq uondios jusio
-JJ1p Jo siseq oy} uo uonjeredag

usuneanaid 10J pasn surwe
Jo onjea eyd 3uisearour yim
PaseaIoap [eIoW Yoea JO sanfeA Iy

"S12Ae] Uy}
Jo siseq 3y} uo jusgeas orwedio
Y suor otuedour Jo Apnig

Iyn3jesary I0 eurWN|E

Bururejuod ason{[a0
‘eurumie *QSND YPim
pareudardur (23 e0I[1S

sutjoIy
-ueuayd-Q7 ¢ 10 SWIXOA[3

-TApewip ‘v 1 yim
pareudarduur 123 BoIIS

128 BOI[IS

DV Yim pareudarduwr
BUTWIN[E pUe [98 BII[IS

09413 auatAyzediod yim
pareudaxdur 198 ©II|IS

saurwe
yum pajeanaxd 193 eorig

9SO[N[[90 AUI[RISAIO0IOTA

[OH snid
Juojd9e pue BNOODH 10
HOODH ‘be ‘1orem pajusiq

(6:01:5) proe

JIULIOJ + QUdZUQ + HOng pue
(I'4:6'S ‘$8:6:9) OH + PIoE
-01}208 + JUIZUSQ + UIPUA]

oneI G [ UL (N O'T)
I3+ QN 0'1) BNOODH

saImyxIw I3y} pue (A 0°1)
eNOOOH ‘(N 0°'1) HOODH

uonn|os [D'HN

one1 61 ur (N 0'1)
I3+ (AN 0'1) eNOODH

_'OM PuB QU *_*Od
P01  NOS ‘ “ON
“£01g°_1g° P01 * fO1 I

S[e1oW UOIIISURI]

qd pue nd vz ‘pD

S[elowr AaeoH

SOpIUNOY

SYLIea-aley

suol s1uediouy

P

SJUIWIWIO))/SHIBWNY

asey Areuone)s

aseyq GO

Jjd[euy




52

S61

vol

€61

261

161

061

681

881

"Juade Suixs[dwon se surjoumnb
Ax01pAy-g Suikojduio £q erpsw
$s9001d UI 3,] JO UONBUTULISIO(]

1L
Aq uonjeredss 1oye sKo[[y -17

ut Iz JO uotjeuruIaldp SHv-Jd0I

"SUOI [e}oW JO )71 PUe [eLISjRW
IaKe] ayy uo Jueuaidun Sureod
10§ anbruyds; uonezuowAjod
ewse[d Jo asn ‘suor [ejau JO ).

"Anpwonsuapoloyd;H 11 Aq sajdures
901 Ul S[BJOW JO UONBUTULIDO(]

"D711-d1 pue vondrospe
Aq 1re pue Y[t ‘elusoeld ‘sauoq
uelWNY Ul S[E}9W JO UOTRIJIIUSP]

"A[aAn0adsar 31 ¢ pue | a1om
Qd PUe pD 103 syrw] uonos1e(g

1d Jo uoneredas 9A103[0S

‘JuswaInsesw Jygay yead £q _rQJ
JO uoneuuLISIop ANEIIURNDbIWOG

sproddns
ouawiA[od pajeod g1

sjeydns un10IpUod
JO 11Bs wnIpos yim
pajeudardur (93 BO1Ig

oreanIs (11D 20
SOIMIXIW 113}
pue Iyn3jasary ¢,0H, euiw
-nje ‘eso[nj[ao ‘(23 eoIjig

sonjeA H{d jus1sj1p Jo
SIUSA[OS oruedio 10 snoanby

(W $"0)HOYHN 3utpnjour
SWID)SAS JUSAJOS UISYI,]

UOIS[NWS0IOTW [I0-UI-I3J8 M

suoned JeeN

IZpue X ‘A ‘11 ‘e ‘ug
‘qd “IN ‘O ‘U ‘SN
91 n) 1) ‘0D ‘B TV

n) pue 3, ‘0)

n) pue 09 IN

S[elowr AABS|
qd pue np ‘po
suoned AUy

_’OID Pue QU ‘ CON
£01d “1g “_*Ol ‘01 ° 1

P2 |

SIUIWIWO))/SHIB WY

aseyJ Areuone)s

asey  AIqOIN

ANAeuUy




53

‘syeydnsoofyo

H, 128 ®o1yIs 10 aso[n[ad

(A 0°1) uonnjos sreydins

[elow Jo uoneredas sA1O]aS M paxiu [[ays 332 pue wniuowwre snoanbe pue saseyd

07 pue Afiqow jo uoneurwexy  Japmod [[ays 3380 uayory) s[1Iqowr JururERIU0d PIOY sareydnsoIo[yo eI
"pIoB OTwNy| Wolj

€0T wnrwped pue pes| Jo uoneredag — — PO pue qd
"U9)S3un) pue wnipeueA

202 wolj OJAl JO uoneredas sA1O3[og BUIIN[ Y — M PUe A ‘O
"s9je]s KouaeA

JUSISHJIp JO S[eIdW JO uon} 198 ®o1IS pue suol Aoudea -gjuad pue

102 -8d1IUSp! pue uoneredas SAII0S[0S  9SO[NI[ID AUI[[RISAI0IIN — -B1)9) ‘-] “-1q [eI9AIS
"s[ejowt £AeaY 91%0) Jo uoneredas

002 9ATIO3[S pUR JATIEII[ENY) — — S[elawW SIX0 ]
"IV 10J 1030339p se
uorje3own| pue yuagear Surxajdwoo

661 se aurjournb AxoipAy-g yo asn — — SUOIIED [BIDN
suol 197310 Auews pue (A1) JH

861 ‘(AD) 1Z 3o uoneredas 2A109]08 JEERAHIN “O°H + *ONH Pue {ONH SUOl IN0J-AIXI§
‘saImxIu

yusuodwoonnu 119y} Woy Ia3ueyoxa SWIa)sAs
L61 SUO! [}9W [RI9ASS Jo uonjeredsg -UOI 91BOI[IS WNUeYue | JUSAJOS paxIW pue snoanby SUOI [ejow IYJra-Ajuom [
"I9)emalsem pue yn3esary snid

Isjem Ul _NDS JO UOTRUIULISIOP 9s0[N[}9o pue 1ynJ[asaly (156 €L T T ‘L€ 61D suoned

961 OLISWILIO[0d pure uoneredss )], ‘OUI[EISAIO0IdNW JSOJN[[3)) suo1e + (N 0°'1) HOYHN UQAS[d PUB SUOIUB-SUIN

NEN SJUIWUI0))/SHABWY aseyq Areuonels asey I[IqoIA djA[euy




54

[qré

11¢

01¢

60¢

80¢C

L0T

90¢

S0T

“SuoL

[e1swr AAeay Jo axmyxiw yusuoduiod
-JA1J B WOJJ [BISW [ENPIAIPUL

Jo uoneoynuenb pue uoreredog

19938 Y3y Ul IN pUe 1D JO
uoneUIULISIOp pue uoneredas H 1.

"SUONEd U}
Jo uoneoynuapi pue uoneredsg

suotjeredas Areurs) pue Areurg

"SIUSUIDS
JO SuoTUe SWOS SE [[oM SB
+¢10 PuB 2] Jo uoneredas sy

"SIoAe] UIY) U0 PoYOsIap
sem soxa[duwod 1N pue o)) Jo
D711 Jo uonesiidde pue Apnys ay |,

*S19Ae] BII[IS UO SUOI [E}oW JO
souanbas wonuajal yo Apnys ay

. ‘ .+NOU Uﬁd +moﬁH
10 10 woxy uoneredas 1aye
+9OW Jo uoneredas sanemuend)

(%7) V.Lad Wim
pajeudarduwi (a8 eoIIg

350[N[[33 JUI[RISAI0IOTA]

3S0[N|[39 SUI[[RISAIOOIDIN

SIake]
ayedlyis syeydsoyd oruue;g

XEBN SA3IS JeNOS[OJN]

93 eo1[Ig

9)BDIJIS SUS[IS JIUUE)G

(N 0T 0'8 HA)
Iayynq areydsoyd snyd (o41)
SPIWOIq WNIUOWIWE €19 |

(A/A“€ + ¥ + €p) Toyem +
PIoB JLIOJYO0IPAY + SUO0IOY

suonnjos VL paroyng

pIo® JIULIO] pue
2u039Y [AINQOSTAIAIA

swasAs FONH -OSINA

s[elowr KABSY

IN pue I

suoned [RISIN

S[eISW Y0[g~P

ID pue 9

soxa[dwod [evp]

SUOI [B19W 20IY)-A1ITY |

SUOI (2191

‘o

SIUWWO0))/SHABWIY

aseyJ Aieuone)s

aseyq IO

ANLJeuy




55

0¢c

1A%

elc

"STeloW AABay

surwre[AInqL) Yim pajeu

-8oxdu pue 9yeoI[ISOUSSIE

Jo uoneredss pue U001 (ADUS M paxIw [a3 BOIIS

!N

pue .00 jo uoneredss femny

‘ “paAsIyoR
a1oM suoneredas aanjeyjenb swog

0711 Tef[eon
Aq 93pnys opoypuLs ur Uz pue

2P0 “,79d *,;3H Jo uonesynusp|

Y11 Teqjeoru £q suoned [eew
Kaeay Jo uoneredas sA103[ag
‘S[eIoUIW pue S[ejow

70 sjunoure 99ex} JO U0I_(]

1L [euorsuswip-om} £q
suores drue3Ioul Jo uonodlsg

"SUOI [e}oUWI JaY30 JO douasaid oy ul
(8 ¢ - ¢z 98uex ou00) Y pue N
JO uoneuTLIOp pue uoneredsg

ajeydsoyd

-[AINqI N T°0 Yim pajeu

-oxdur 104e] (M/m ‘1:01)
ut D, [98 oI[Is pue [93
91BUSSIE OTUUR)S POXIN

o[Iuo[AIoBAT0d

NOSI s
pareudaxdwi 193 oI[IS

9SOTN[[9 SUI[[RISAIDOIIN

9SO[N[[99 JUT[[BISAIO0IOIN

[ouBISN

areurAd01y)
umissejod snoanby N 0°1

SWII)SAS SPLIOTYD
wnIpos-pioe ooy ‘by

SUOKN|OS Je[[3oTW snoanby

(a/A € +01)
1DH %9€ + HOSN (@)
IDH N 1 pue tONH I ¢
JO QXTI [:] e yim
patenges joueng-1 (e)

pioe
ouoydsoydonpip [Adoxdosy

SUOT [B1oW UMY ]

IN PUB 09

saxo[dwod 1) pue 0D

uZ pue pd
‘qd ‘ad *,,°0N SH

SuoTED [BjoW AABSH]

S[eISUIW PUB STRION

SuoIRd
Sruediour Ajusm ],

4L pue)

Eod:!

SHUITIWO)) /SHIBUIIY

IseyJ Areuone)s

aseyd MO

AUy




56

9¢c

Y44

1444

144

(444

|¥44

"Ju3qI0s 31} Jo Jamod

Suneredss ay; AJnuenb o) paonpoxul sem

4YS Isjowered mau e ¢ O aaneend

"uasoyd Apurew aom (I11) 0D ‘(1) 1)
‘(D nD "sifes (ny10705 Jo Apnys oy,

"O71L o -3urjjes
4q Anpiqow 1oy uo saxoa[dwoo
97e[oY9 JO 10979 JO UoneSNSaAU]

'Suol [elow
IoYI0 pue $3JBUOINIP - JO Apmis oy [,

A ﬂ .+m=O pue o) ‘ 8H
+19 *,29d °,;PD Jo uoneredsg

"SUOT [eJoW JO SOINIXIW
Areurajrenb pue Kreus) ‘Areuiq
wolj 3y Jo uoneredss aAnod[eg

SOPIX0IPAY
a[qnop parake]

Sj[es [ejow

[y pareudardur (93 BorfIg

sjuojoefjod
pue 3s0[n[[30 ‘[33 BoI[Ig

9rerd woryo
-ewse|d pue [oJn[Ig

surzeradid yum payeu
-aiduut 3y, 98 oIS pue
suefisAxoyowy [Adoxd
-ojdesrow yym parjipowt
[93 BIIYIS ‘NJA 2SO[N[[9D)

saimxiw Areuiq
I3y pue 0, euUTWIN[E
‘9S0[N[[90 JUI[[EISAIDOINA

S[9AS] UONBIUIDIUOD SnoLIeA

1e 9jeJ[ns WNTUOUIIE

Jo suonnjos snoanby
SN

[Ao5pop winipos Jururejuod
saseyd a[iqowr Ie[[aoT

SU9ZUdq PUE SOOI IoMO ]

suonn[os
}[BS WNIUOWWE IO WNIPOS
pue pIoe 913308 “BIUowIury

suol oruedroutr 291y3-£110]

0D
pue . 0 )

soxa1dwoo sutwerp | 00

s[elowr Aaeay
JO sajeuoloI(q-€°[

S[e1aW 9IX0 [,

3y Burpnpour
SUOI [eISUI [RISADS

g

SIUI WO /SHIBUWNY

aseyq Aieuone)s

asey GOl

JA[euy




© 57

£ee

[4%4

1€T

0£C

6¢C

8¢

LTC

‘soxojdwods owouowr ueoL[Sopndad
I3y} pue s[ejaw awos jo uoneredas
pue uonedynUSp! DL sAnEmuen()

IS pue
11, JO SOPIX0 JO Paq PaXIW UO S[eIaUI ITX0)
Jo suorjeredss juepodurt A[feonAjeuy

"S3JBUOINIP -€ ‘]
J12y) pue suol [ejouwt Jo uoneredas DL

"swaysAs jusuodwod Lof[e
OTIOYIUAS WO pue SaIMXIW AIeurq woly
oM PUB 17 Jo uoneredas saneiuend)

"PalR[No[ed OS[E 2I9M SUOTIRD
JUSIYJIp J0J sanjea Kouanbayjoipey
‘saIxiw Arewrsprenb pue

ATeu1d) ‘Areuiq I1oy) woly N PpUe 0D
“,0 Woxy  Z0M pue  p) Jo uoneredsg

"SOPIX0 paxiw Aq pajeuaidun
sajeld D1 Bursn samyxtw A1eurq
113} WOy SUOl [ejowl Jo uoneredsg

"SURYISWOIO[YIIP

Ul UOIN[OS SUIPHOR[AULIO)-6 %[00
U3M UOHBITIUSPT ISy} pUe SUOTIRD
Jo amxtw e Jo uoneredss aaneens)

aso[n[[aD —
"BolYIS
pue eluell] JO paq paXIN —
woIyorwze|J
~d pue [oJn[IS Sas ‘be W ,01x 6T
D, 198 Ba1j1s pareudaidwir ¢ONH

V.l Se [[om Se ueld "be pue CONH W 8 — HOng

: ‘IDH 10 pIoe o1j008
aOLowmoEw vcmhowm\sdcowooa%mouaxmg

A, 350[n[[2) | —

saxadwod 1Iswouow
uedK3opndad-TelaN

S[elawW J1X0 |

SO1BUO0IANIP -¢¢] IIaY) pue
suor s “, 00,00 IN D

SUOI [e}oW 00[g-J pue -p

PO PUe IN ‘1D °,,°0N

SUOI [BJO

SUOT [B}oW [BISASS

Y

SIUITUTI0))/SHIBWIY

aseyq Areuonels asey IIqOoIAl

IAeuy




58

(6°1)
IoAe] BUILIN[E-9]RUISIE OIUUR]S PIXIW UO
.£OI Jo uonewyss saneuend ¢ £01g pue

(6:1)
9S0[N[[29 10 euIWIN(E ‘|23
eo1y1s snyd ajeorjisopqAjour

WIISAS pIoe O1I0]

0vC  “ON wox» fQ[Jjo uoyeredss saneyend) (A]) Uy 1o sjeussie Jiuuelg -Iajem-aeydsoydjfing-u-tr suor o1ue3I0U]
s1o3 oreydsoydols3un) wintuoonz
-eol[Is woyy paredaid s1ofej Suisn sIoke]
D711 aseyd-pesioaas pue sseyd-feusou 0, 103 eo1Is pajeudardur SJuUaAoS o1uedio
6€T T Suol [ejaw Jo J01aeyaq uondiog V4L Pue paxIw ‘ule[d  d1[0Yoo[e pue snoanbe snowep SUOI [e1oW AABSY UDIMINO,]
sonelI :6 pue ¢:/
suorueAxo sy pue 1L 601 W EHDO0DEHD
8EC 9PIpOl JO uoneuruIslep pue uoperedsg <D, 9pIX0 wniurnyy Pue HO YHN JO Sarmxijy FoIpue fOI°1
"swa)sAs oseyd sjiqowr Jurureyuod
-jueloeyms  Juisn 9H pue PO onjel 66 :[ Ul Ia)em Pappe Im
LET “,UZ 3O uoperedss pue uoneSyHUIP] D, 198 oINS (/M °7:1) Toueyss - gVIO Suort BN
. d4LIN T0 Yim
7210 pue pareudardwr (m/m “1:01)
N 6,00 BunsIxs-0d jo uonesynRuUSp! 198 eo1y1s snyd 1a8ueyoxo
9€Z pue uoneredas 10] )] oseyd-pasionsy -UOl 9JRUSSIE JIUUR)S NOSMIN 10 n) pue I\ ‘0)
"SUO! [B39UI SNOISWINU WOIJ SUOT ISYI0 puB Ia8ueyoxs saseyd
S€T PO 9H “wo\ IV Jo uoneredss pidey  -uor speorpis (A]) wnruey | dMIqowr paxIw pue snosnby suor [ejow Ay,
; ‘sko[[e OTjeI JUSISJJIP Ul PaXIW
-V UL S]A JO uOnEWNSS SAneIUEN)) [y 9SON][eo QUI[[BISAI00I01W
P€C pue 3 jo uoyeredss )1 s8ueyoxa-uoj PUB 69-ddI Mequy '*ONH PUB IDHIN 0'C- $°0 1V pue SN
MEN SHUIWWO)) /SHIBWIIY aseyq Areuone)s asey IIqoIA df[euy




59

*50)¥)S AOUI[EA [ENSh JIAY} Ul JIIA SUOY [BJW Y],

‘suot [elowr Furduedwoooe woij

,8v pue _ny jo uoneredss saneUEND

10] Anpuriny pue Answojoydonoads

T i pajdnos AyderSojeworyd sakef-ury],

.oﬁbmmosio
owiz 10 10ddod ‘uoxr ‘sssuedurw
1b7 WO} 9YeJNSOIONYD [aOTU Jo uoneredag

m@u
vurmE pue D, 198 BIIS

(/M
“1:7) 9s0[n[[20-[33 BIIIIS

(N §°7) YOS WHN)
"be pue (Nw 7'1) VLD bV

191em PATISIP-pa[qnoQ

uz pue
SH ‘1D ‘PD “IN ‘1D 8V ‘ny

uz pue n) ‘IN
‘0D ‘94 ‘UN JO S91BJINSOIOTYD)



60

REFERENCES

1.

14.
15.
16.
17.

18.

19.

F. Helfferich, "Ion Exchange", McGraw-Hill Book Company, Inc.,
New York (1962).
The second Book of Moses, Exodus, Chapter 15, verse 25.

P. Konig, Actas e trabalhos do Terceiro Congresso, Sud-
Amerciano de Chimica, Rio de Janeine Sao Paulo, 2, 334 (1937).

D. Von Klobusitzky and P. Konig. Arch. exptl., Pathol.
Pharmakol. Naunyn-Scheniedeberg's, 192, 271 (1939).

F.F. }iunge, "Der Biddungstriebder Stoffe" Verenschlaulicht in
Selbstaqndiggewachsenen  Bedern.  Sebsterlag  Oranenberg,
Germany (1855).

F. Goppelsroeder, Verk Naturforsch, Ces. Basel, 3, 268 (1861).
C.F. Schonbein, Verk, Naturforsch. Ces. Basel, 3, 249 (1861).

E. Fischer and E. Schmidner, Annalen, 272, 156 (1892).

L. Reed, Proc. Chem. Soc., 9, 123 (1893).

D.T. Day, Amer. Phil. Soc., 36, 112 (1897).

M.S. Tswett, Ber. Deut. Boatan. Ges, 24, 235 (1906).

R. Kuhn and E. Lederer, Ber., 64, 1349 (1931).

R. Kuhn, A. Winterstein and E. Lederer, Hoppe-Seyler's Z.
Physiol. Chem., 197, 141 (1931).

A.J.P. Martin and R.L.M. Synge. Biochem. J., 35, 91 (1941).
A.J.P. Martin and R.L.M. Synge, Biochem. J., 35, 1358 (1941).
M.W. Beyerink and R.L.M. Synge, Biochem. J., 35, 1358 (1941).
H.P. Wijsman, D. De Beshouwdals, Mengsel Van. Mattase en

Dentrinase Amsterdam (1898).

N.A. Izmailov and M.S. Schraiber, Farmatsiya (Sofia), 3, 1
(1938).

C. Lapp and Erali, Bull. Sci., Pharmacol, 47, 49 (1940).



20.
21.

22.
23.
24.
25.

26.

27.
28.
29.
30.

31.

32.
33.
34.
3s.

36.
37.
38.
39.

61

J.E. Meinhard and N.F. Hall, Anal. Chem., 21, 185 (1949).

J.G. Kirchner, J.M. Miller and G.J. Keller, Anal. Chem., 23, 420
(1951).

J.M. Miller and J.G. Kirchner, Anal. Chem., 24, 1480 (1952).

J.M. Miller and J.G. Kirchner, Anal. Chem., 26, 2002 (1954).

E. Stahl. Chemikter Ztg., 82, 323 (1958).

E. Stahl (Ed.), Thin-Layer Chromatography, Springer-Verlag,
Bertin (1965).

H. Jsrk, W. Funk and H.Wimmer, Physical and Chemical
Detection Methods: Fundamentals, Reagents I; Thin-Layer
Chromatography Reagents and Detection Methods,‘ Vol. 1a; VCH
Verlagesgesellschaft: Weinheim, FRG, PP 464 (1990).

N. Fatima and A. Mohammad, Sepn. Sci. Tehnol., 19, 429 (1984).
A. Mohammad and N. Fatima, Chromatographia, 22, 109 (1986).
A. Mohammad and S. Tiwari, Microchem. J., 44, 39 (1991).
N.V.K. Nanda and Y.P. Devi, J. 4ssoc. Offic. Anal. Chem., 64,
729 (1981).

J. Maslowaska and Z. Mlodzikowski, Chem. Anal., 31, 193
(1986).

N. Turina and S. Turina, Croat. Chem. Acta, 52, 407 (1979).

H.J. Issaq and E.W. Barr, Anal. Chem., 49, 189 (1977).

R. Kuroda and K. Oguma, 4nal. Chem., 39, 1003 (1967).

R. Kuroda, N. Kojima and K. Oguma, J. Chromatogr., 69, 223
(1972).

K. Oguma, J. Chromatogr., 42, 96 (1969).

K. Oguma, Talanta, 16, 409 (1969).

K. Oguma and R. Kuroda, J. Chromatogr., 52, 339 (1970).

K. Oguma and R. Kuroda, J. Chromatogr., 61, 307 (1971).



40.

41.

42.

43.

44.

4S.
46.

47.
48.

49.

50.
S1.
52.

53.

54.

SS.
S6.

62
K.Oguma, K. Sato and R. Kuroda, Chromatographia, 37, 319
(1993).
Y.Q. Feng, M. Shibakawa and K. Oguma, Chromarograhia, 41,
532 (1995). ‘
K. Oguma, K. Inoue, Y. Fujinaga, K. Yokota, T. Watanable,
T. Ohyama, K. Takeshi and K. Inoue, J. Toxicol., Toxin Rev, 18,
17 (1999).
R. Bhushan and S. Joshi, Int. J. Bio-Chromatogr., 4, 95 (1998).
R. Bhushan and R. Agrawal, Biomed. Chromatogr., 12, 322
(1998).
J. Sherma, Anal. Chem., 72, 9R (2000).
M.B. Devani, C.J. Shishoo, S.A. Shah, K.P. Soni and R.S. Shah,
J. Chromatogr., 537, 494 (1991).
T. Cserhati and Z. Illes, J. Lig. Chromatogr., 14, 1495 (1991).
L. Sentier, J. Marchal, J. Boudrant and P. Germain,
J. Chromatogr., 547, 531 (1991).
S. Laskar, U. Bhattacharya and B.K. Basek, Analyst (London),
116, 625 (1991).
T. Walski, Prizem. Chem., 70,272 (1991).
I. Iskierko and E. Pyra, Acta Pol. Pharm., 48, 9 (1991).
Y. Nagata, K. Yamamato and T. Shimozo, J. Chromatogr., 575,
49 (1992).
M. Suzuki, G. Naitho and S. Takitani, Iyakunin Kenkyy., 23, 49
(1992).
L. Lepri, V. Coas and P.G. Desideri, J. Planar Chromatogr.—
Mod. TLC, 5, 175 (1992).
M. Lederer, J. Chromatogr., 604, 55 (1992).
J.C. Kohli and S.K. Grewal, Natl. Acad. Sci. Lett., 15, 113 (1992).



57.
58.
59.
60.
61.

62.
63.
64.
65.

66.

67.
68.
69.

70.
71.

72.
73.

63

G. Mustafa, A. Abbasi and Z.H. Zaidi, J. Chem. Engg., 11, 53
(1992).

K.G. Varshney, A.A. Khan, S.M. Maheshwari and U. Gupta, Bull.
Chem. Soc., 65,2773 (1992).

Y.V. Degterev, V.F. Panfilov, A.P. Tarasov, B.V. Tyaglov and
V.G. Churbanov, Khim-Farm. Zh., 26,121 (1992).

J.K. Rozylo and I. Malinowska, J. Planar Chromatogr. Mod. —
TLC, 6, 34 (1993).

L. Lepri, V. Coas, P.G. Desideri and D. Santianni, Chromatog-
raphia, 36, 297 (1993).

HTK Xuan and M. Lederer, J. Chromatogr., 635, 346 (1993).
F.H. Walters and H. Qiu, 4nal. Lett., 26, 1785 (1993).

T. Cserhati and Z. Illes, Chromatographia, 36, 302 (1993).

R. Bhushan, G.P. Reddy and S. Joshi, J. Planar Chromatogr. —
Mod. TLC, 7, 126 (1993).

R. Bhushan, V.K. Mahesh and A. Varma, Biomed. Chromatrogr.,
8, 69 (1994).

A. Sinhababu, B. Basak and S. Laskar, Anl. Proc., 31, 65 (1994).
H.T.K. Xuan and M. Lederer, J. Chromatogr., 659, 191 (1994).

R. Bhushan and V. Parshad, J. Planar Chromatogr. — Mod. TLC,
7, 480 (1994).

H. Jork and J. Ganz, L-Tryptophan: Curr. Prospects Med. Drug
Saf., 338 (1994).

C. Sarbu, C. Cimpoiu and T. Hodisan, Rev. Chim. (Bucharest), 46,
591 (1995).

I. Baranowska and M. Kozlowska, Talanta, 42, 1553 (1995).

M. Gui, S.C. Rutan and A. Agbodjan, Anal. Chem., 67, 3293
(1995).



74.

78.
76.

77.

78.

79.
80.

81.

82.

83.

84.

8s.

86.

87.
88.
89.

64
T. Hodisan, C. Chimpoiu, V. Hodisan and C. Sarbu, Stud. Univ.
Babes-Bolya Chem., 40, 177 (1995).
Y. Wu, B. Kuang and F. Long, Sepu., 14, 259 (1996).
R. Bhushan, I. Ali and S. Sharma, Biomed. Chromatogr., 10, 37
(1996).
M.-B. Huang, H.-K. Li, G.-L. Li, C.-T. Yan and L.-P. Wang, J.
Chromatogr., A 742, 289 (1996).
I.I. Malakhova, B.V. Tyaglov, E.V. Degterev, V.D. Krasikov and
W.G. Degtiar, J. Planar Chromatogr. — Mod. TLC, 9, 375 (1996).
G. Matysik, Chromatographia, 43, 301 (1996).
D. Guo, X. Zeng and J. Yang, Znongguo Shenghua Yaowd Zazni,
17, 119 (1996).
J. Weng, J. Qui, Y. Zheng and Fuzian Shifon, Daxue Xuebao
Ziran Kexueban, 12, 31 (1996).
A. Makriyannis, A.A. Elkhier, M.M. Ayead, W.S. Hassan and
M.M.F. Metwally, Spectrosc. Lett., 34, 649 (1997).
I. Malinowska and J.K. Rozylo, Biomed. Chromatogr., 11, 272
(1997).
Q.Y. Deng, Z. Zhang, Y. Zhu and M.J. Su, Fenxi Huaxue, 25, 197
(1997).
R. Bhushan, J. Martens, S. Wallbaum, S. Joshi and V. Parshad,
Biomed. Chromatogr., 11, 286 (1997).
Q.Y. Deng, Z. Zhang and J.Y. Su, Chin. Chem. Lett., 8, 161
(1997).
Y. Long and L. Jiaohuan, Yu Xifu., 13, 93 (1997).
R. Bhushan and S. Joshi, Int. J. Bio-Chromatogr., 4, 95 (1998).
Z. Darula, G. Torok, G. Wittmann, E. Mannekens, K. Iterbeke,
G. Toth, D. Tburwe and A. Peter, J. Planar Chromatogr. Mod. —
TLC, 11, 346 (1998).



90.

91.
92.

93.

94.
9s.

96.
97.

98.

99.

100.

101.

102.

103.

104.

65

R. Bhushan and R. Agrawal, Biomed. Chromatogr., 12, 322
(1998).

A. Pyka, J. Liq. Chromatogr. Relat. Technol., 22, 41 (1999).
Q.-H. Zhu, B. Xiong, Q.-Y. Deng and L.-M. Zheng, Fenxi Ceshi
Xuebao, 19, 8 (2000); Chem Abstr., 16, 232163y (2000).

J. Z.-Fiolka, U. Blaszczyk and E. Birkner, Acta Chromatogr., 10,
234 (2000).

S. Wawrzycki and E. Pyra, Chromatographia, 51, S309 (2000).
R.IB'/hushan, J. Martens and G. T. Thiongo, J. Pharm. Biomed.
Anal., 21, 1143 (2000).

G. Gunendi and F. Pamuk, Turk. J. Chem., 23, 269 (1999).

R. Bhushan, G.T. Thiongo, J. Planar Chromatogr. — Mod TLC,
13, 33 (2000).

W.G. Degtiar, B.V. Tyaglov, E.V. Degterev, V.M. Krylov,
I.I. Malakhova and V.D. Krasikov, J. Planar Chromatogr. — Mod.
TLC, 13, 217 (2000).

D.-T. Tian, Y.-M. Dan, H. Wang, L.-Z. Wang and H.-Q. Xie,
Yingyong Huaxue, 18, 329 (2001); Chem. Abstr., 8, 116137k
(2001).

E.V. Degterev, W.G. Degtiar, B.V. Tyaglov, A.P. Tarasov,
V.M. Krylov and I.I. Malakhova, J. Planar Chromatogr. — Mod.
TLC, 13, 191 (2000).

A. Mohammad and V. Agrawal, J. Planar Chromatogr. — Mod.
TLC, 13, 365 (2000).

A. Mohammad and V. Agrawal, Indian J. Chemistry, A 40, 1130
(2001).

A. Mohammad, M. Ajmal and S. Anwar, J. Planar Chromatogr. —
Mod. TLC, 4,319 (1991).

T. Cserhati and M. Gennaro, Anal. Lett., 24, 2093 (1991).



105.
106.

107.

108.

109.

110.
111.

112.

113.
114.

115.

116.

117.

118.

119.

66

H. Luo, W. Lu and B. Zhu, Sepu., 10, 232 (1992).

T.J. Janjic, D.M. Milojkovic, A. Brocovic, Z.J. Arbutina and
M.B. Celap, J. Chromatogr., 609, 419 (1992).

D.K. Singh and A. Mishra, J. Plannar Chromatogr. — Mod. TLC,
5, 284 (1992).

M.I. Evegen’ev, F.S. Levinson and I.I. Evegen’eva, Zavod Lab,
58, 11 (1992).

K.N. Rama Chandran and V.K. Gupta, Fresenius J. Anal. Chem.,
396, 457 (1993).

N.P.J. Price and D.O. Gray, J. Chromatogr., 635, 165 (1993).

D. Heuser and P. Meads, J. Planar Chromatogr. — Mod. TLC, 6,
324 (1993).

E.O.N. Espinoza and J.I. Thornton, Anal. Chim Acta, 288, 57
(1994).

R. Jain and S. Gupta, J. Indian Chem. Soc., 71, 709 (1994).

A. Mohammad, M. Ajmal and S. Anwar, Chromatogr. Sci., 33,
283 (19995).

M.T. Matyska, A.M. Siouffi and N. Volpe, J. Planar Chromatogr.
— Mod. TLC, 6, 39 (1995).

K. Naguib, A.M. Ayesh and A.R. Shallaby, Agric. Food Chem.,
43, 134 (1995).

F. Perez-Gimenez, G.M. Anton-Fos, F.J. Garcia-March,
M.T. Salabert-Salvador, R.A. Cercos-del-Poz and J. Jaen-Oltra,
Chromatographia, 41, 167 (1995).

A. Mohammad, M. Ajmal and S. Anwar, J. Planar Chromatogr. —
Mod. TLC, 8, 216 (1995).

D.K. Singh, R. Kumar and R. Misra, Himalayan Chem. Pharm.
Bull., 13,14 (1996).



120.

121.
122.

123.
124.
125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

67

U. Kucharska and J. Maslowska, Chem. Anal. (Warsaw), 41, 975
(1996). |

R. Rastogi and V.K. Gupta, J. Indian Chem. Soc., 75, 267 (1998).
D.K. Singh, R. Kumar and R. Misra, J. Indian Chem Soc., 75, 319
(1998).

Y. Zhang, Zhongguo Yiyuah Yaoxue Zazhi, 18, 319 (1998).

A.R. Shalaby, Food Chem., 65, 117 (1999).

A. Mohammad and E. Iraqi, J. Sufractant and Detergents, 2, 85
(1999).

A. Pielesz, S. Swierczek, A. Wlochowicz and I. Baranowska,
J. Planar Chromatogr. — Mod. TLC, 12, 215 (1999).

M. Vega, R.F. Saelzer, C.E. Figueroa, G.G. Riod and V.H.M.
Jaramillo, J. Planar Chromatogr. — Mod. TLC, 12, 72 (1999).

M.1I. Evegen’ev, I.I. Evegen’eva and F.S. Levinson, J. Planar
Chromatogr.— Mod. TLC, 13, 199 (2000).

E.S. Semichenko and E.Yu. Belyaev, Russ. J. Org. Chem., 35,
1385 (1999).

L.M. Kostadinovic and S.T. Parkov, Zb. Matice Srp. P, 97, 11
(1999).

I. Baranowska and M. Zydron, J. Planar Chromatogr. — Mod.
TLC, 13, 301 (2000).

M.I. Evegen’ev, S.Yu. Garmonov, L.Sh. Shakirova and
A.S. Brysaev, Pharm. Chem. J., 34, 276 (2000).

G.S. Simonyan, Khim. Zh. Arm., 53, 16 (2000).

A. Mohammad, M. Ajmal and S. Anwar, Indian J. Chem. Tech., 7,
87 (2000).

A. Mohammad and I.A. Khan, Indian J. Chem. Tech., 8, 244
(2001).



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.
149.

150.

68

A. Mohammad and V. Agrawal, Sepn. Sci. and Technol., 37, 1
(2001).

Z.Lj. Tessic, T.J. Janjic and M.B. Celap, J. Chromatogr., 585, 359
(1991)

T. Shimizu, R. Igarashi, Y. Hayashi and S. Jindo, J. Planar
Chromatogr. — Mod. TLC, 4, 487 (1991).

T. Shimizu, K. Hashimoto and K. Tsunoda, Chromatogrpahia, 31,
60 (1991).

K. Ishida, S. Ninomiya, Y. Uchida and M. Osawa,
J. Chromatogr., 539, 169 (1991).

N.U. Perisic-Janjic, S.N. Petrovic and S. Podunavac., Chromat-
ographia, 31, 281 (1991).

L. Deshmukh and R.B. Kharat, J. Planar Chromatogr.— Mod.
TLC, 14, 1483 (1991).

T. Shimizu, S. Jindo and D. Kanoh. J. Planar Chromatogr. —
Mod. TLC, 4, 261 (1991).

A. Jain, O.V. Singh and S.N. Tandon, Indian J. Chem., A 30, 196
(1991).

N.D. Betnekov, G.V. Buklanov, E.G. Ipatovan and Yu.S.
Korotkin, Radiokhimiya, 33, 163 (1991).

S.E. Gasparyan and V.A. Sarkisyan, Arm. Khim. Zh., 44, 417
(1991).

J.K. Rozylo, D. Gwischomicz and I. Malinowska, Chem. Anal.
(Warsaw), 36, 279 (1991).

S.D. Sharma and S. Misra, J. Liq. Chromatogr., 14, 3301 (1991).
I. Malinowska and J.K. Rozylo, J. Planar Chromatogr. — Mod.
TLC, 4, 138 (1991).

J.Z. Netto, Ecletica Quim, 16,9 (1991).



151.
152.
153.

154.
1SS.

156.
157.

158.
159.
160.
161.
162.
163.

164.

69

A. Mohammad and S. Tiwari, J. Planar Chromatogr. — Mod. TLC,
4, 485 (1991).

A. Mohammad, M. Ajmal, N. Fatima and J. Ahmad, J. Lig.
Chromatogr., 14, 3283 (1991).

A.K. Misra and R.P.S. Rajput, Proc. Natl. Acad. Sci. (Indian),
Sect. A 61, 469 (1991).

A. Mohammad and S. Tiwari, Microchem. J., 44, 39 (1991).

Lj. Bokic, M. Petrovic, M. Kastelan-Mecan and K. Moskalinte,
Chromatgoraphia, 34, 648 (1992).

J.H. Aldstadt and H.D. Dewald, 4nal. Chem., 64, 3176 (1992).
K.S. Panesar, O.V. Singh and S.N. Tandon, J. Planar
Chromatogr. — Mod. TLC, 5, 289 (1992).

S. Przeszlakomski and M. Maliszenska, Chem. Anal. (Warsaw),
37, 545 (1992).

A. Mohammad, M. Ajmal, N. Fatima and M.A.M. Khan,
J. Planar Chromatogr. — Mod. TLC, §, 368 (1992).

M. Yoshioka, H. Araki, M. Seki, T. Mujazaki, T. Utsuki,
T. Yaginuma and M. Nakano, J. Chromatogr., 603, 223 (1992).

T. Shimizu, F. Nishmura, T. Imai and S. Jindo, Chem. Environ.
Res., 1, 73 (1992).

E.L Morosanova, L.S. Seliveltrova and Yu.A. Zolotov, Zh. Anai.
Khim., 48, 617 (1993).

V. Sanchez-Camazano and M.J. Sanchezmartin. J. Chromatogr.,
643, 357 (1993).

N.M. Kuznin, V.M. Pukhovskaya, G.N. Varshed, B.Ya. Spivakov,
N.A. Maryutina, M.P.  Volynets, V.A. Ryabukhim,
N.N. Chphitiya, O.N. Goebneva and Y.M. Paututskaya, Zh. Anal.
Khim., 48, 898 (1993).



165.

166.
167.

168.

169.

170.

171.

172.

173.

174.

175S.

176.

177.

178.

179.

180.
181.

79

S.D. Sharma, S. Misra and R. Gupta, J. Liq. Chromatgr., 16, 1833
(1993).

C.Z. Soljic and Z. Hrestrk, Khim. Ind., 42, 359 (1993).

K.G. Varshney, A.A. Khan and M.S. Siddiqui, Proc. Natl. Acad.
Sci., Sect. 4 63, 495 (1993).

M. Joanna and O. Alina, Prezem. Chem., 72, 495 (1993).

A. Mohammad and S. Tiwari, Microchem. J., 47, 379 (1993).

O. Shadrin, V. Zhivopistsev and A. Timerbaev, Chromatogra-
phia, 35, 667 (1993).

T. Shimizu, S. Jindo, N. Iwata and Y. Tamura, J Planar
Chromatogr. — Mod. TLC, 7, 98 (1994).

S.K.Yadav, O.V. Singh and S.N. Tandon, J. Planar Chromatogr.
—Mod. TLC, 7,75 (1994).

S.A. Nabi, W.U. Farooqui and N. Rehman, J Planar
Chromatogr.— Mod. TLC, 7, 36 (1994).

A. Mohammad, M. Ajmal, N. Fatima and R. Yousuf, J. Planar
Chromatogr. — Mod. TLC, 7, 444 (1994).

T. Shimizu, S. Jindo, M. Saitoh and Y. Mura, J. Planar
Chromatogr. —~ Mod. TLC, 7, 412 (1994).

A. Mohammad, N. Fatima and M.A.M. Khan, J. Planar
Chromatogr. — Mod. TLC, 7, 142 (1994).

D.M. Jogadankar, V.B. Patil and H.N. Katkar, J. Planar
Chromatogr. — Mod. TLC, 7,166 (1994).

M.E.M. Hassouna, S.M. Sayyah, El-Salam and H.M. Abd, 4ral.
Lett., 277, 2535 (1994).

Y. Jianjin, Gansu Gongye Daxue Xuebao, 20,102 (1994).

Y. Jianjin, Gansu Gongye Daxue Xuebao, 21,104 (1995).

C.Z. Soljic, Z. Hrestak and I. Eskinja, Kem. Ind., 44, 219 (1995).



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.
193.

194.
195.

196.

197.

71

Y. Takeda, T. Nagai and K. Ishida, Fresenius J. Anal. Chem., 351,
186 (1995).

N.P. Molochnilcova, V.M. Shkinev and B.F. Myasordova,
Radiokhimiya, 37, 517 (1995).

A. Mohammad and M.A.M. Khan, J. Planar Chromatogr. — Mod.
TLC, 8, 134 (1995).

A. Mohammad, J. Planar Chromatogr. — Mod. TLC, 8, 463
(1995).

V.K. /Gupta, I. Ali, U. Khurana and N. Dhaggara, J. Lig.
Chromatogr., 18, 1671 (1995).

A. Mohammad, S. Tiwari and J.P.S. Chahar, J. Chromatogr. Sci.,
33, 143 (1995).

A. Mohammad, S. Tiwari, J.P.S. Chahar and S. Kumar, J. A4m. Oil
Chem. Soc., 72, 1533 (1995).

S.W. Hussain, A. Avanes and V. Ghoulipour, J. Planar
Chromatogr. — Mod. TLC, 9, 67 (1996).

S.C. Petrovic and H.D. Dewald, J. Planar Chromatogr. — Mod.
TLC, 9,269 (1996).

I. Baranowska, J. Baranowski, I. Norska-Borowska and
C. Pieszko, J. Chromatogr., A 725, 199 (1996).

S. Savasci and M. Akay, Turk. J. Chem., 20, 146 (1996).

K. Yoshimura, T. Horita and K. Hozuni, Polym. J. (Tokyo), 28,
261 (1996).

S. Wang, D. Xi and J. Li, Yejin Fenxi, 16, 12 (1996).

S.B. Germanov, L.P. Sharova, T.F. Demchuk, N.I. Damoilenko
and F.V. Guss, Khim. Farm. Zh., 30, 54 (1996).

A. Mohammad and J.P.S. Chahar, J. Chromatogr., A 774, 373
(1997).

S.W. Hussain and A. Mirzaie, Chromatographia, 45, 347 (1997).



198.
199.

200.

201.
202.

203.
204.

205S.

206.

207.

208.

209.

210.

211.

212.
213.

72

Y. Tokeda and XK. Ishida, Talanta, 44, 849 (1997).

S.B. Germanov, L.P. Sharova, T.F. Demchuk and N.L
Démoilenko, Khim-Farm Zh, 30, 54 (1996).

A. Mohammad, J. Planar Chromatogr. — Mod. TLC, 10, 48
(1997).

Z. Soljic, Z. Hrestak and I. Eskinja, Kem. Ind., 46, 195 (1997).
D.S. Gaibakyan and R.P. Gaibakyan, Arm. Khim. Zh., 49, 48
(1996).

S.C. Petrovic and H.D. Dewald, Anal. Lett., 31,2077 (1998).

A. Mohammad, K.T. Nasim and M.P.A. Najar, J. Planar
Chromatogr. — Mod. TLC, 11, 127 (1998).

S.D. Sharma and M. Agrawal, J. Planar Chromatogr. — Mod.
TLC, 10, 375 (1997).

Hu. Zhide, Y. Gengliang, Y. Jianjun and Z. Hongyi, J. Planar
Chromatogr. — Mod. TLC, 11, 51 (1998).

S. Shaomin, S. Shengwar and H.X. Guo, Li. Lin. Shanxi Daxue
Xuebao Ziran Kexueban, 20, 405 (1997).

P. Evelina, B. Anisoara, P. Angelica and G. Mana, Cruceanu M.
Chem. Ing. Chim., 42, 121 (1996).

S.P. Sharma, S. Misra and A. Agrawal, J. Indian Chem. Soc., 75,
410 (1998).

M.M. Aparecida Donnini, Nett. Jose Zuanon, Rev. Ciene. Farm. ,
19, 119 (1998).

G. Schurbert, V. Alka and J. Zirko-Babic, J. Planar Chromatogr.
~ Mod. TLC, 11, 460 (1998).

I. Ali and C.K. Jain, Pollut. Res., 17, 321 (1998).

T. Hodisan, M. Curtui, S. Cobzac and C. Cimpoui, J. Radioanal.
Nucl. Chem., 238, 179 (1998).



214.

215.

216.

217.

218.

219.

220.

221.
222.

223.
224.

2258.

226.

227.

228.

73

T. Yoshinaga and T. Miyazaki, J. Planar Chromatogr. — Mod.
TLC, 11, 295 (1998).

T. Nagata and M. Kamiyama, Jpn. Kokai Tokkyo, Koho JPLI, 83,
830 (9983, 830 CI. GO1 N 30190), 26 Mar. 1999, April 97, 1237,
227, 2 Sep. 1997, Spp.

A. Mohammad, E. Iraqi and I.A. Khan, J. Surfactant and
Detergs., 2, 523 (1999).

A. Mohammad, M. Ajmal, and S. Anwar, Acta Chromatogr.,
9, 113(1999).

Z.Lj. Tessic, T.J. Sobo and S.R. Trifunovic, J. Chromatogr., A
8476, 297 (1999).

A. Mohammad, M.P.A. Najar, and E. Iraqi, Indian J. Chem.
Technol., 6, 38 (1999).

A. Mohammad, S. Anwar and E. Iraqi, Chem. Anal., 44, 195
(1999).

A. Mohammad and J.P.S. Chahar, Int. J. AOAC, 82, 172 (1999).
C. Marutoiu, I. Gogoasa and F. Dogar, Rev. Chem. (Bucharest),
49, 720 (1998).

S.N. Shtykov and E.G. Sumina, J. Anal. Chem., 53, 446, (1998).
D.M. Malinar, M.J. Tessic and Z. Lj, J. Chromatogr, A 847, 291
(1999).

J. Flieger, H. Szumila and K. Gielzak-Koewin, J. Lig.
Chromatogr. Relat. Technol., 22, 2879 (1999).

V. Ghoulipour and S. W. Husain, J. Planar Chromatogr. — Mod.
TLC, 12,378 (1999).

A. Patrut, G. Marutoiu, O.F. Marutoiu and M.I. Moise, J. Planar
Chromatogr. — Mod. TLC, 13, 151 (2000).

R.K. Ghatuary, A.K. Mukhopadhyay and C.K. Sarkar, J Ind.
Chem. Soc., 77, 106 (2000).



229.
230.

231.

232.
233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

74

S.L. Sharifi and S.S. Dhaktode, Orient. J. Chem., 16, 79 (2000).
S.D. Sharma and C. Sharma, J. Planar Chromatogr. — Mod. TLC,
13, 93 (2000).

S.N. Shtykov, E.G. Sumina and N.V.C. Tyurina, J. Planar
Chromatogr. — Mod. TLC, 13, 266 (2000).

V. Ghoulipour and S.W. Husain, Ann. Chim., 91, 111 (2001).

L.J. Sesartic, O. Hadzija and N.B. Jennovic, J. Lig. Chromatogr.
Relat. Technol., 24, 1511(2001).

Y.- Duan, Fujian Fenxi Cesi, 9, 1182 (2000); Chem. Abstr., 2,
28386K (2001).

V. Ghoulipour and S.W. Husain, J. Planar Chromatogr. — Mod.
TLC, 13, 354 (2000).

A. Mohammad, E. Iraqi and I.A. Khan. Chromatogrphy, 21, 29
(2000).

A. Mohammad and V. Agrawal, J. Planar Chromatogr. — Mod.
TLC, 13,210 (2000).

A. Mohammad, J.P.S. Chahar, E. Iraqi and V. Agrawal, J. Planar
Chromatogr. -~ Mod. TLC, 13, 12 (2000).

A. Mohammad and E. Iraqi, Indian J. Chem. Techol., 7, 223
(2000).

A. Mohammad, R. Yousuf and Y. Hamid, Acta Chromatog-
raphica, 11, 171 (2001).

A. Mohammad and M.P.A. Najar, Acta Chromatographica, 11,
154 (2001).

A. Mohammad, S. Syed, L.M. Sharma and A.A. Syed, Acta
Chromatographica, 11, 183 (2001).



— R 7]

SIMULTANEOUS SEPARATION

OF AMINOPHENOL ISOMERS




75

2.1 INTRODUCTION

Since the first report (1,2) by Armstrong and co-workers about the
use of aqueous micellar solutions as mobile phase in thin-layer
chromatography (TLC), micellar mobile phases (MMP) have been the
focus of numerous separation studies (3-5) because of their distinct
advantages such as unusual selectivity, sensitivity, cost effectiveness,
low toxicity and safe handling. MMP have been shown to increase
fluorescent quantum efficiencies, thereby lowering limit of detection (6).

The MMP consisting of surfactant molecules in the form of
monomers and aggregates (or micelles) are capable to provide a
complex combination of hydrophobic, electrostatic, hydrogen bonding,
and steric interactions to the solute, which results in, enhanced
separation selectivities of structurally similar substances. The unusual
separation possibilities in micellar liquid chromatography are arised as a
result of combined effects of relative partitioning of solute between
(a) micelles and water (b) stationary phase and water and (c) stationary
phase and micelles, which is distinctly different from conventional
liquid chromatography where relative distribution of solute between a
stationary phase and a liquid mobile phase is responsible for the
separation. The chromatographic performance of MMP can be further
improved by addition of appropriate additives (7-10) such as organic
solvents, inorganic metallic salts, cyclodextrins and ion-pairing agents.

The separation and identification of amino compounds is
important because of their increasing industrial, pharmaceutical,
toxicological and pesticidal applications. As they are often used in the
form of raw or intermediate materials in chemical synthesis, amino
compounds are easily transported into the environment via wastewater.
On the other hand, aminophenols are used as antioxidants in organic
polymers. It is, therefore, not surprising that several chromatographic

procedures (11-18) have been developed for the analysis of nitrogen-
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containing compounds. The electron donor properties of aromatic
amines have been cleverly utilized in thin-layer chromatographic
separation (TLC) of amines in the form of charge-transfer complexes
with poly-nitro compounds (19,20) using less polar organic solvent
systems as mobile phases. The weak physical bonding between amines
(n- and m-electron donor) and aromatic nitro compounds (m-electron
acceptor) is susceptible to rupture by polar solvents and adsorptive
forces, which is one of the probable reasons of limited studies on TLC
separation of amines via charge-transfer complexation with aromatic
nitro compounds. Alternative attempts to separate amines on silica gel
layers impregnated with metallic salts did not produce satisfactory
results because of formation of occasional tailed spots, restricted choice
of mobile phase systems because of co-migration of impregnated salt
during development of TLC plates and the tendency to absorb moisture
by adsorbent layer. On the other hand, TLC methods involving the use
of mixed organic mobile phase systems containing hexane, benzene,
dioxane etc. are not useful for routine analysis because of toxic effects
of solvents (13, 21, 22).

The close inspection of literature available on TLC indicates that
good separations of isomers of toluidine, anisidine, chloroaniline,
bromoaniline and xylidine on silica layer impregnated with cadmium
sulphate and/or acetate (23,24), o- and p-isomers of nitroaniline on
silica — cellulose (1:1) mixed layer (13), and closely related aromatic
amines such as carbazole, indole, diphenylamine, p-dimethylamino-
benzaldehyde and p-dimethylaminocinnamaldehyde (25,27) have been
achieved. To the best of our knowledge, not a single paper is reported
documenting well-resolved spots of all three isomers of aminophenols.

Mitchell and Waring (28) have reported a modified chromogenic
reagent obtained by substitution of ZnCl, for FeCl; in ferric ferricyanide

spray reagent for the detection of aminophenols and related compounds



77

(detection limit 2-5 pg) on TLC plates coated with silica gel. This
method is useful for preliminary visual identification of isomeric
compounds, which are difficult to resolve. The distinguished colored
spots revealed by o-, m-, and p-aminophenols with modified reagent
were dark brown, mauve and blue respectively. Dhillon and co-workers
(29) have also detected aminophenols with poor resolution as brown
spots on silica TLC plates containing nitrite.

The present communication reports a new mobile phase that is
composed of aqueous solutions of an anionic surfactant, sodium dodecyl
sulfate (SDS) and calcium chloride (0.1 M). It is capable to promote
excellent resolution of aminophenol isomers on silica HPTLC plates and
has superiority over the reported TLC methods, as the solvent system
used is odorless, non-volatile, inexpensive and non-toxic. The proposed
method is rapid, reproducible and sensitive.

2.2 EXPERIMENTAL

Chemicals and Reagents: Silica gel 60 F,s4 'HPTLC' plates (Merck,
Darmstadt, Germany);, sodium dodecyl sulfate (SDS) (BDH, India);
N-cetyl-N,N,N-trimethyl ammonium bromide (CTAB), Triton X-100,
and aminophenols (Loba Chemie, India); methanol, propanol and
butanol (Qualigens, India) and acetonitrile, calcium chloride, cobalt
chloride and amines (CDH, India) were used. All other reagents were
Analytical Reagent grade.

Amines Studied: Diphenylamine (DPA), o-chloroaniline (0-CAL),
m-chloroaniline (m-CAL), p-chloroaniline (p-CAL),o-nitroaniline
(0-NAL), m-nitroaniline (m-NAL), p-nitroaniline (p-NAL), aniline
(AL), indole (ID), p-dimethylaminobenezaldehyde (p-DAB), and DL-
tryptophan (DL-TTP), o-toluidine, (0-TDL) and m-toluidine (m- TLD).
Aminophenols Studied: o-aminophenol (0o-APH), m-aminophenol (m-

APH) and p-aminophenol (p-APH).
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Test Solutions: The test solutions (1% w/v) of all amines and

aminophenols were prepared in methanol. The aqueous solutions (1%

w/v) of metal ions (Fe**, Cu®*, Ni**, Co**, Zn**, Cd**, Pb*’, Be’* and

Hg?*) were prepared from their chlorides, nitrates or sulfate salts and

phenols (1% w/v) were used for interference studies.

Detection Reagents: All amines were detected by exposing the HPTLC

plates to iodine vapors. DL-tryptophan was detected with 0.5% (w/v)

ninhydrin solution prepared in acetone.

Stationary Phase: Silica gel 'HPTLC' plates

Mobile Phases: The following solvent systems were used as mobile

phase

Symbol Composition
M, H,0
M; 0.01 and 0.001M aqueous SDS
M; 0.01 and 0.001M methanolic SDS
M, 0.01 and 0.001M methanolic CTAB
Ms;  0.01 and 0.001M methanolic Triton X-100
Mg 0.01 M SDS in MeOH + H,O (9:1, 1:9, 7:3, 3:7 and 5:5)
M; 0.01 M CTAB in MeOH + H,0 (9:1, 1:9, 7:3, 3:7 and 5:5)
Mg  0.01 M Triton X-100 in MeOH+ H,0 (9:1, 1:9, 7:3, 3:7 and 5:5)
My 0.01 M SDS in propanol + H,0 (7:3 and 3:7)
M;, 0.01 M SDS in butanol + H,0 (7:3)
M;; 0.01 M SDS in acetonitrile + H,0 (7:3 and 3:7)
M, Methanol + H,0 (7:3 and 3:7) |
M;; 0.01 M SDS in MeOH + 0.1 M aqueous CoCl, (7:3 and 3:7)
My 0.01 M SDS in MeOH + 0.1 M aqueous CaCl, ( 7:3 and 3:7)
M;s 0.01 M SDS in MeOH + 0.1 M aqueous NaCl ( 7:3 and 3:7)
M;¢ 0.01 M SDS in MeOH + 0.1 M aqueous LiCl ( 7:3 and 3:7)

Procedure: Test solutions (approx. 5ul) were applied on high-

performance thin-layer plates with the help of micropipets. The plates
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were developed in the chosen solvent system by the ascending
technique. The solvent ascent was fixed to 5 cm in all cases for the
determination of Ry value of individual amino compound. After
development, the plates were withdrawn from glass jars and dried at
room temperature. HPTLC plates were then exposed to iodine vapors for
about 10 min. The amines and aminophenols were detected as yellowish
brown spots. The Ry (R of leading front) and Ry (Rf of trailing front)
values for each spot were determined and the Rg value was calculated
Ry +Ryg
2

Separation: For the separation, equal amounts of aminophenols to be

R

separated were mixed and SuL of the resultant mixture was loaded on
the HPTLC plates. The plates were developed to 5cm height, the spots
were detected and the Ry values of the separated amines and
aminophenols were determined.

Limit of Detection of Ar;zinoplzenols: The limit of detection of
aminophenols was determined by spotting different amounts of
aminophenols on the HPTLC plates, developing the plates and detecting
the spots using iodine and zinc ferrocyanide separately as detection
reagents. Zinc ferrocyanide was prepared following the method reported
by H.B. Weiser et al. (30). This reagent was also used to determine the
limit of detection of aminophenols on laboratory prepared TLC plates
coated with silica gel ‘G’ (E. Merck India). The method was repeated
with successive lowering the amount of aminophenols until no spots
were detected. The minimum amount of aminophenol detectable on the
HPTLC plates was taken as the limit of detection.

Interference: For examining the effect of impurities such as heavy
metal cations, phenols and amines, one drop (5ul) of each o-, m-,
p-aminophenols and impurity solution was spotted successively at the
same spot on the line of application of HPTLC plates. The spot was
completely dried after each spotting. After drying, TLC plate was
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developed with M;s; and the Ry values of the resolved spots were

determined.

2.3 RESULTS AND DISCUSSION

Results of the present study have been summarized in Tables 2.1 — 2.5

and Figures 2.1 — 2.4.

The mobility of amino compounds obtained with water (zero
surfactant) and in anionic, cationic and non-anionic surfactants mediated
mobile phases (M-M;s) has been shown in Table 2.1. In water, most of
the amines show little mobility whereas in 0.01 M aqueous SDS,
amines such as o- or m-APH, o-TLD, DL-TTP, m-NAL and o-NAL
move faster giving R values in the range 0.40 - 0.77. All other amines
remained at the point of application (i.e. Rg= 0.0 - 0.08). Thus, 0.01 M
aqueous SDS can discriminate only between two amines under the given
set of experimental conditions to facilitate binary separations. This
separation potentiality of SDS is hampered when methanol is used as
solvent instead of water. With 0.01M methanolic SDS, all amines are
solubilized and migrate to the solvent front giving high mobility (Rg >
0.80). DL-TTP is the exception, which produces a badly tailed spot.
Results with 0.01 M methanolic CTAB, a cationic surfactant was almost
similar to those obtained with 0.01M methanolic SDS. All amines,
except p-NAL, DL-TTP and p-APH show high mobility. p-NAL and DL-
TTP form diffused spots whereas p-APH gives mid Ry (Rf = 0.56) and
hence it can be separated from other amines. The mobility pattern of
amines does not differ much on using a non-ionic surfactant (0.01M
Triton X-100) instead of 0.01 M SDS or CTAB.

These observations indicate that the mobility of certain amines
(Table 2.1) alters marginally with the change in head group charge of
surfactant in methanolic solution. For example, Rg values of p-CAL,
o-TLD and m-TLD are decreased from 0.95, 0.96 and 0.95 to 0.86, 0.82
and 0.84 respectively on substitution of 0.01 M alcoholic CTAB
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(a cationic surfactant with positive head group charge) by 0.01 M
alcoholic SDS (an anionic surfactant with negative head group charge).
However, a reversed trend i.e. increase in Ry value from 0.72 (in
methanolic CTAB) to 0.95 (in methanolic SDS) was observed in the
case of m-NAL. DPA, o-NAL, AL, o-TLD and p-DAB have the lower
Rr values (Rg values fall in the range 0.77 to 0.81) in 0.01 M alcoholic
Triton X-100 (a non-ionic surfactant) compared to 0.01 M alcoholic
SDS or CTAB. Furthermore, when the concentration of SDS, CTAB or
Triton X-100 is decreased from 0.01 M (which is above their CMC
values) to 0.001 M (below their CMC values) in the mobile phase, no
significant change in Rf value (or migration) of amines was noticed. The
results (not shown in Table 2.1) obtained with 0.001 M methanolic
surfactants (SDS, CTAB or Triton X-100) showed a slight decrease in
Rf value for IND, p-DAB and DL-TTP and slight increase in Rg value
for m-NAL, IND and p-DAB compared to their values in 0.01M
methanolic SDS and Triton X-100 respectively. In the case of
methanolic CTAB and aqueous SDS, the mobility of amines was found
the same regardless the concentration of surfactant (0.01 or 0.001 M).

The development time for 10cm ascent was in the order:
0.01 M aqueous SDS > 0.01 M methanolic Triton X-100 >
0.01 M methanolic SDS or CTAB.

It is evident from Table 2.1 that alcoholic surfactants are non-
effective to provide desired separations of amines. Therefore, various
solvent systems (Mg-M7) were formulated by adding different volumes
of water into 0.01 M methanolic SDS, CTAB or Triton X-100 in order to
achieve differential migration (i.e. different Ry wvalues) for the
separation of amines. The results obtained with these mobile phases are

listed in Figures 2.1 — 2.3.

From the results presented in Figures 2.1 — 2.3, the following

conclusions may be drawn:



e
o
oz
é ",
J W e .
02 K o
0 T . T £ a
10 30 50 -0 o

Volume of Added H;O (%) in Mg (0.01 M SDS in Methanol)
Figure 2.1: Plot of Rr Vs Volume of Added H,O in M5 (0.01M SDS in
Methanol)
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The mobility of amines generally decreases with the increase
in water content in the mobile phase regardless the nature of
surfactant. The mobility (Rr value) of amines such as p-CAL,
p-NAL, p-DAB, p-APH, DPA, ID, o-NAL, o-TLD, o-APH,
m-CAL, m-NAL, m-TLD, and m-APH is lower in mobile phase
systems, Mg-Mjs containing 90% added water compared to their
mobility in Mg-Mjg containing 10% added water.
Highly compact and well-formed circular spots for all amines
(except DPA and m-TLD) appeared when TLC plates were
developed with mobile phases consisting of 10 or 30% H,O
and 90 or 70% methanolic surfactant (SDS, CTAB, or Triton
X-100).
Certain amines (m-CAL, p-NAL, p-CAL, p-DAB, DPA,
m-TLD) produce tailed spots with mobile phases (Mg-Mg 5:5
and 3:7) consisting of 50-70% water content. DPA and m-TLD
also produce tailed spots with Mg (9:1 and 7:3).
In most of the mobile phases the separation of amines from
their two-component mixtures is always possible.
The development time increases with the increase in water
content in the mobile phase. A three fold increase in
development time was noticed on increasing the water content
from 10% (development time = 15 min to 90% (development

time = 45 min).

To examine the effect of nature of alcohols on the mobility of

methanol was substituted by propanol-1, butanol-1 or

acetonitrile in Mg [SDS in MeOH + H,0, (3:7 or 7:3)] and the mobility
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of amines was investigated using resulted mobile phases (My-My;). All
the amines move with the solvent front (R > 0.9) with these mobile
phases. Thus, these solvent systems can only be used to elute the amines
from the matrices. However, m-CAL (Rg = 0.07), can only be selectively
separated from all other amines (R > 0.90) in M;; (3:7). DPA produced
tailed spot in M;;. 0-CAL could not be detected on TLC plates
developed with My-M;; eluents. Thus, methanol (strongly hydrogen
bonded) alcohol has better separation efficiency in micellar systems
compared to moderately hydrogen-bonded alcohols like propanol or
butanol.

Figure 2.4 shows how the mobility of amines is modified in the
presence of SDS. In this Figure, ARf [Rf obtained with 0.01 M SDS in
MeOH+H,0 (3:7 or 7:3) minus R measured in MeOH+H,0 (3:7 or
7:3)] was plotted. The positive and negative values of ARf reveal the net
effect of SDS on the mobility of amines. The most effected amines are
AL and o-TLD. The positive value of AR in the case of o-TLD
(ARg = +0.84) indicates that SDS activates the solulibilization of
o-TLD in alcoholic water whereas the solubility of AL is decreased in
the presence of SDS in alcohol — water mixture as evident from negative
ARf value (ARfr = —0.83). An interesting aspect of this study is that the
negative magnitude of ARy value of amines corresponds to their
basicity. AL being stronger base (K, = 4.2 x 1079 compared to m-CAL
(Kp = 0.30 x 1079, p-CAL (K= 0.10 x 10'°), m-NAL (K, = 0.029 x
109, p-NAL (Ky= 0.001 x 10™'%), 0-NAL (K, = 0.00006 x 10"'%) and
DPA (K, = 0.0006 x 107'% has higher negative ARp (ARy = —0.83)

compared to above mentioned amines. Aminophenols being acidic show
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positive ARp values. ID being a weaker base show zero ARg. The
positive ARg values for o-TLD and p-DAB may be attributed to the
presence of methyl groups in their molecules. TTP containing both
~NH, and -COOH groups show positive ARf value.

The addition of electrolytes (i.e. inorganic salts) in micellar
systems - has been proved advantageous for achieving enhanced
selectivity. The added ionic species modify the microenvironment of
micellar systems. To examine the effect of inorganic additives on the
mobility of amines, 0.1 M aqueous solution of NaCl, LiCl, CaCl, or
CoCl, was added into 0.01 M methanolic SDS solution in the ratio of
7:3 and 3:7. The results presented in Table 2.2 show that the mobility of
all amines is decreased on increasing the concentration of salt from 30%
- 70% in the mobile phase. This lowering in mobility with the increase
in salt concentration may be attributed to the salting-out effect. Amongst
several analytically important possible separations with these solvent
systems, the separation of o-, m- and p-aminophenols with
0.01 M SDS (cuzony + 0.1 M CaCl; (aqueousy (3:7) is of great interest. The
Rr values, given in parenthesis follow the order: p-APH (0.15) <
o- APH (0.62) < m-APH (0.94). It shows that CaCl, is the most effective
additive compared to NaCl, LiCl or CoCl, to discriminate among
amines, facilitating their simultaneous separations from multicomponent
mixtures. In the case of CoCl,, separation of coexisting o-, m-, and p-
aminophenols is also possible as the order of Ry values, given in
parenthesis was p-APH (0.10) < o-APH (0.55) < m-APH (0.98). The
comigration of cobalt salt at 0.1 M concentration level leaves the pink

coloration up to the middle of TLC plate during development of the



90

"Pa122gap 2q pou pinod Ty -0 puv (-9 =4y) uoyvoyddp fo jurod 2y Jv paurvwial Ty )-w ‘suaisds asvyd aj1qows pauoIUIM-2409D 11D YA 5
(€0 <Ly -1y rods popvy = |

010 $8°0 S1°0 000 ST°0 $8'0 000 S1°0 Hdv-d
86°0 $6°0 6°0 ¥8°0 260 $6°0 Ls0 L8O Hv-w
$S°0 L8°0 790 ¥8°0 €L°0 $6°0 1050 LI¥L 0 HdV-0
LSO 68°0 €80 $8°0 LOt'0 $6°0 9L°0 18°0 dLL-1d
£5°0 L80 S0 LLO L0S°0 §6°0 000 08°0 ava-d
$0°0 vL0 €L°0 Lo L19L°0 $6°0 $S°0 9L°0 at
000 6L°0 01°0 L0v'0 L1050 06'0 000 Lo Q1L-w
000 000 €L°0 L1050 00°0 00°0 000 9L°0 a’1i-o
LE0 150 ¥9°0 1050 000 6£°0 9¢°0 $8°0 v
9°0 60 €L°0 68°0 1050 £6°0 10€°0 88°0 TYN-d
¥9°0 8L°0 190 €8°0 8L°0 $6'0 1ST0 08°0 TYN-W
SL'0 68°0 0L0 €L°0 8L°0 260 S0 16°0 TVN-0
€€°0 08°0 8%°0 95°0 LST0 060 000 68°0 Tvo-d
S1°0 LLO L1610 18€°0 S1°0 790 $0°0 ¥8°0 vdd

L€ €L L€ €L L€ €L L€ €L

UDOD N T°0 + q0ed W10+ DITWTO0+ IDENIN T0 + punoduwo)

(HO®HO) SAS N 10°0 (HOHD) SAS W 10°0 (HO®HD) SAS N 10°0 (HO®HD) SAS W 10°0 oumry
’ xSpunoduwo)

ouiury Jo (sanfeA 4y -3°1) LNIQOIN aY) uo SAS MN[OUBYII I 10°0 Ul S9IA[01193[ dueSI0u] PIappyV JO 3PA  TTIqEL



91

plate which clouds the sharpness of the detection of the o- and p-
aminophenols. Therefore, we preferred CaCl, containing SDS mobile
phase for the present study.

When 0.01 M SDS (CH3;0H) and 0.1 M CaCl, solutions were
mixed in 1:7 ratio instead of 3:7 (i.e. when the ratio of 0.01 M SDS to
0.1 M CaCl, is decreased), and the system was used as mobile phase, a
decrease in Ry value of o-isomer (R = 0.55) was observed. This
lowering in'/Rp value improves its separation from m- aminophenol (Rg =
0.94). When 0.1 M CacCl, in the mobile phase M4 (3:7) was substituted
with 0.1 M Ca (NO3) ,, it was observed that mobility of o-aminophenol
increases to that extend where the separation of o- (Rg = 0.80) from
m-isomer (Rr = 0.83) becomes difficult and the separation of p- isomer
(R = 0.05) is only possible either frofn 0o- or m-aminophenol.
Furthermore, the decrease in Ry value of indole in Ca (NOj3) ; containing
mobile phase, did not affect its separation from DL-tryptophan, the
mobility of which remains the same as was in 0.1 M CaCl,. |

From the results summarized in Table 2.3, it is clear that the mobility
of 0-APH is influenced by the presence of Fe**, Co**, Zn**, Cd**, Hg”, indole,
DL-tryptophan, p-DAB, phloroglucinol and gallic acid. Such impurities are
capable to transform the compact spot of o-APH into an elongated form.
Consequently, a poor separation of 0-APH from m-APH results in the presence
of these impurities. The separation of 0-APH (Ry = 0.35) from m-APH (Rg =
0.69) or p-APH (R = 0.05) is also influenced in the presence of m-cresol as a
result of lowering in Rg values (or mobility) of both o- and m- aminophenols.

The results presented in Table 2.4 show that o-, m- and p-aminophenols

could be successfully separated in the presence of five-fold concentration of
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Table 2.3: Separation of 0-, m- and p-Aminophenols from their Mixtures
in the Presence of Metal Cations, Amines and Phenols on
HPTLC Plates Developed with 0.01 M SDS (MeOH) + 0.1 M
Calcium Chloride (3:7)

Added Impurities Separation ( Rr)

o-APH m-APH p-PH
Fe** 0.45T 0.95 0.05
Cu** 0.57 0.94 0.05
Co™ 0.49T 0.94 0.05
Ni** 0.53 0.88 0.05
Zn** 0.44T 0.82 005
cd* 0.44T 0.82 0.05
Hg** 0.52T 0.90 0.05
Pb* 0.53 0.92 0.05
Bi** 0.56 0.95 0.05
Indole 0.40T 0.90 0.05
DL-TTP 0.49T 0.87 0.05
Diphenylamine 0.45 0.92 0.10
Aniline 0.45 0.82 0.05
p-DAB 0.42T 0.82 0.10
Pyrocatechol 0.56 0.84 0.10
Phloroglucinol 0.44T 0.90 0.05
Resorcinol 0.42 0.84 0.05
Gallic acid 0.45T 0.88 0.05
0-Cresol 0.45 0.88 0.05
m-Cresql 0.35 0.69 0.05
p-Cresol 0.50 0.78 0.05

In the absence of impurities Rrvalues (given in parenthesis) of aminophenols from

their mixtures were o- APH (0.63), m- APH (0.88) and p- APH (0.05).
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Table 2.4: Separation of o-, m- and p-Aminophenols at Their

Different Concentration Levels in the Mixture

Mixture Concentration Separation (Rf)
Ratio
o-APH + m-APH 15 o-APH (0.63) — m-APH (0.95)
5:1 0-APH (0.62) — m-APH (0.85)
0-APH + p-APH 1:5 0-APH (0.63) — p-APH (0.25T)
5:1 0-APH (0.5) — p-APH (0.05)
m-APH + p-APH 1:5 m-APH (0.89) — p-APH (0.25T)
5:1 0-APH (0.89) — p-APH (0.05)
0-APH + m-APH 1:1:5 o-APH (0.62) — m-APH (0.89) — p-APH
+ p- APH (0.25T)
1:5:1 o-APH (0.66) — m-APH (0.92) — p-APH
| (0.05)
5:1:1 0-APH (0.64) — m-APH (0.92) — p-APH
(0.00)

T = Tailed spot (R, — Ry > 0.3)
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each isomer in their binary or ternary mixtures. The formation of tailed (or
elongated) spots in the case of p-APH at its higher concentration level (e.g. 5
times than other isomers) is indicative of poor separation whereas no such
problem i.s arised in case of o- and m- APH. It is therefore concluded that for
better separation of aminophenol isomers, the concentration of p-APH must be
kept low in their mixtures.

The separation of coexisting o-, m-, and p-aminophenols is very
important and the proposed method is the only procedure to provide excellently
resolved spots for all the three isomers of aminophenol on TLC plate (Figure
2.5). It is to be noted that the Ry values of aminophenol isomers in their
mixture differ marginally from those obtained by spotting them individually.
The TLC methods reported earlier (Table 2.5) was capable only to separate
two isomers and the simultaneous separation of three isomers was either
impossible or there was the possibility of very poor separation.

The limits of detection of aminophenols given in parenthesis for o-APH
(0.416 pg), m-APH (1.25 png) and p-APH (0.83 pg) indicates that the proposed
system is most suitable for sensitive detection of aminophenols. None of the
isomers could be detected on HPTLC plate if Zn-ferrocyanide is used as
detector instead of I vapors. However, this reagent produce colored spots with
o-, m- and p-APH on TLC plates coated with commercially available silica gel
G. The limit of detection and the colored pattern were almost identical to those

reported by Mitchell et al. (28).
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Figure 2.5: Resolved Spots of o- (X), m- (Y), and p-Aminophenal (Z) on

Silica Gel *° F,5'"HPTLC' Plates Developed with

A.

B.

0.01 M SDS in Methanol plus 0.1 M CacCl, (3:7)
0.01 M SDS in Methanol plus 0.1 M CaCl,(3:7) - 1%

Aniline in Methanol (1:1)
0.01 M SDS in Methanol plus 0.1 M CaCl,(3:7)-1%

Pyrocatechol in Methanol (1:1).
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3.1 INTRODUCTION

Thin-layer chromatography (TLC) being simple and cost effective
has been used by several workers (1-4) as an analytical tool for rapid
analysis of amino acids and heavy metal cations. Most of the workers
have used silica gel (5-7), alumina (8-10), cellulose and cellulose
derivatives (11-12), chitin and chitosan (13-14), polyamide (15), as layer
materials in combination with aqueous, mixed — organic and mixed
aqueous — organic solvents as mobile phase. Salting-out reversed-phase
TLC has been successfully applied for rapid analysis of dansylated
amino acids (16). Interesting separations of racemic aromatic amino
acids have been reported on cellulose layers using concentrated aqueous
solutions of a- or B-cyclodextrins (17-18). Ravi Bhushan et al have
achieved improved separations of ciosely related amino acids on silica

gel surface-modified with metallic salt solutions (19-20).

Micellar liquid chromatography (MLC) involving the use of
surfactant ions above their critical micelle concentration (CMC) as
mobile phase has been the focus of numerous studies (21-25) for
controlling the retention of a variety of solutes since it was first
proposed by Armstrong and co-workers in 1977 (26). Taking into
consideration the advantageous features such as inexpensiveness, non-
toxicity and non-inflammability of micellar mobile phases, we have
utilized a novel microemulsion system (27) consisting of sodium dodecyl
sulfate (SDS) as one of the components to achieve certain important
separations of amino acids on silica gel layer. Traditionally, the
separation efficiency of micellar systems has been enhanced by adding
small  quantities of organic additives e.g. l-propanol or
1-pentanol (28,29). In this regard, the present investigation deviates from
earlier studies and we have achieved the improved separation by adding

copper salt solution into anionic SDS micellar solution. As a result, a



100

copper salt solution into anionic SDS micellar solution. As a result, a
selective separation of proline has been achieved on alumina layer using
0.01M aqueous SDS plus 0.1M copper sulfate solutions in 9:1 ratio. To
the best of our knowledge, no work has been reported on the use of SDS
micellar solution containing metallic salts as mobile phase in the analysis

of amino acids by alumina TLC.
3.2 EXPERIMENTAL

Apparatus: A thin-layer chromatographic applicator (Toshniwal, India),
20 x 3cm glass plates and 24 x 6cm glass jars were used for the
development of chromatographic plates. A glass sprayer was used to

spray reagent on the plate to detect the spot.

Chemicals and Reagents: Amino acids, aluminium oxide ‘G’, nickel
chloride, lithium chloride, sodium nitrate and copper sulfate (CDH,
India); sodium molybdate (Qualigens, India), cobalt chloride and
thiourea (E. Merck, India); sodium chloride and urea (G.S.C, India) and
sodium dodecyl sulfate (BDH, India), were used. All reagents were of

Analar Reagent grade.

Amino Acids Studied: 1.-valine (A1), DL-valine (A2), L-isoleucine (A3),
DL-isoleucine (A4), L-arginine (A5), L-arginine- monohydrochloride
(A6), L-tryptophan (A7), DL-tryptophan (A8), L-methionine (A9),
DL-methionine (A10), L-cystine (A1l1l), L-cystein hydrochloride (A12),
L-serine (A13), DL-serine (Al4), DL-nor- leucine (AlS5), L-leucine
(A16), DL-alanine (A17), DL-phenylalanine (A18), 3-(3,4-dihydroxy-
phenyl) DL-alanine (A19), L-proline (A20), DL-threonine (A21) and
DL-aspartic acid (A22).

Test Solution: Test solutions (1%) of amino acids were prepared in

double-distilled water.
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Detector: A 0.3% ninhydrin solution in acetone was used to detect all the
amino acids.

Stationary Phase: Aluminium oxide ‘G’

Mobile Phases: The following solvent systems were used as mobile

phase
Symbol Composition
M, 0.001 M, 0.005M, 0.01 M and 0.05 M aq. SDS
M; 0.01 M aq. SDS + 0.1 M aq. CuSO, (9:1, 5:5 and 1:9)
M; 0.01 M aq. SDS + 0.1 M aq. CoCl; (9:1 and 1:9)
M4 0.01 M aq. SDS + 0.1 M aq. NiCl, (9:1 and 1:9)
M; 0.01 M aq. SDS + 0.1 M aq. LiCl (9:1 and 1:9)
Me 0.01 M aq. SDS + 0.1 M aq. NaCl (9:1 and 1:9)
M; 0.01 M aq. SDS + 0.1 M aq. NaNOs (9:1 and 1:9)
Mg 0.01 M aq. SDS + 0.1 M aq. NaMoO, (9:1 and 1:9)
Y% ) 0.01 M aq. SDS + 0.1 M aq. urea (9:1 and 1:9)
Mg 0.01 M aq. SDS + 0.1 M aq. thiourea (9:1 and 1:9)
My, 0.001 M aq. SDS + 0.001 M aq. CuSO4 (9:1 and 1:9)
M, 0.001 M aq. SDS + 0.001 M aq. CoCl, (9:1 and 1:9)
M3 0.001 M aq. SDS + 0.001 M aq. NiCl, (9:1 and 1:9)
M, 0.001 M aq. SDS + 0.001 M aq. LiCl (9:1 and 1:9)
M;is 0.001 M aq. SDS + 0.001 M aq. NaCl (9:1 and 1:9)
Mg 0.001 M aq. SDS +0.001 M aq. NaNO; (9:1 and 1:9)
My, 0.001 M aq. SDS + 0.001 M aq. NaMoO, (9:1 and 1:9)
Mg 0.001 M aq. SDS + 0.001 M aq. urea (9:1 and 1:9)

Mg 0.001 M aq. SDS + 0.001 M agq. thiourea (9:1 and 1:9)
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Preparation of TLC Plates: The plates were prepared by mixing alumina
with water in 1:3 volume ratios with constant shaking until homogeneous
slurry was obtained. The resultant slurry was applied on the glass plates
with the help of a Toshniwal applicator to give a 0.25 mm-thick layer.
The plates were dried in air at room temperature and then activated by
heating for 1 h at 100 + 5° C in an electrically controlled oven. The

activated plates were stored in a close chamber at room temperature until

used.

Procedure: Test solutions (approx. 10 pl) were applied by means of
micropipets approximately about 2.0cm above the lower edge of the
plates. The plates were developed in the chosen solvent system by the
ascending technique. The solvent ascent was fixed to 10 cm in all cases.
After development was complete, the plate was withdrawn from glass
jars and dried at room temperature followed by spraying with freshly
prepared ninhydrin solution. All amino acids except L-proline appeared
as violet spots on heating TLC plates for 15-20 minutes at 100 + 5°C. L-
proline gives yellow spot. The Ry (Rf of leading front) and Rt (Rf of
trailing front) values for each spot were determined and the Ry value was
calculated as:

_Ry +Rp

Rg 5

Separation: For the separation, equal amounts of L-proline and other
amino acids were mixed and 20 pl of the resultant mixture was loaded on
the TLC plates. The plates were developed, the spots were detected and

the Rr values of the separated amino acids were determined.

Limit of Detection: Procedure for the limit of detection of amino acids
as described in chapter 2 for amino compounds. Semiquantitative
Determination by Spot-Area Measurement: For semiquantitative

determination by spot-area measurement method,
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0.01 mL from a series of standard solutions (0.1-1.5%) of DL-alanine,
DL-phenylalanine, 3-(3,4-dihydroxyphenyl) DL-alanine and L-proline
were spotted on alumina layers. The plates were developed with 0.01M
aqueous SDS plus 0.1M aqueous CuSOy in volume ratio of 9:1. After
detection, the spots were copied onto tracing paper from the

chromatoplates and then the area of each spot was calculated.

3.3 RESULTS AND DISCUSSION

Alumina was selected as layer material for TLC separation of

aliphatic and aromatic amino acids because of its following properties:

> It has rigid structure, which undergoes little swelling or shrinking in

water or solutions containing electrolyte.

> The hydroxyl groups (OH’) and oxide (O%) ions constituting active
sites on the surface are responsible for selective chromatographic

separations.

» The pH of alumina slurry is about 7.0, around which most of the

aliphatic amino acids exist as zwitter ions.

The results of the present study are summarized in Tables 3.1 -
3.5 and Figures 3.1 - 3.3. From the data listed in Table 3.1, following

conclusions are drawn.

(a) In pure water (zero surfactant concentration), most of the

amino acids produce tailed spots i.e. R — Ry > 0.3.

(b) At SDS concentration (0.001M), which is below critical
micelle concentration (CMC) value of the surfactant (CMC
of SDS, 0.008 M), the mobility of the amino acids is slightly

improved but certain amino acids still yield tailed spots.

(c) At SDS concentration (0.01M) in the mobile phase i.e. near

CMC of the surfactant, the mobility of amino acids is
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Table 3.1: Mobility of Amino Acids on Alumina Layers Developed with Pure
Water and Different Concentrations of SDS in Water

Amino Acid Water SDS Concentration (M)

"~ 0.001 0.01 0.1
L-valine 0.60T 057T 061T 050T
DL-valine 0.52T 0.54 055T 035T
L-isoleucine 055T 0.68T 0.75 0.58
DL-isoleucine - 057T 066T 0.72 0.65
L-arginine 0.10 0.10 0.11 0.15T
L-arginine 0.12 0.10 0.11 0.20
monohydrochloride
L-tryptophan 040T 0.30 044T 0.55T
DL-tryptophan 033T 0.29 0.41 0.54
L-methionine 037T 0.40 0.49 048°T
DL-methionine 040T 0.38 0.47 047T
L- cystine 0.04 0.04 0.13 0.13
L-cystein hydrochloride 0.03 0.02 0.12 0.13
L-serine 020T 0.10 0.10 0.13
DL-serine 0.19 0.16 0.10 0.12
DL-nor-leucine 0.64T 065T 0.67 065T
L-leucine 060T 055T 0.67 0.64
DL-alanine 0.25 055T 0.57 0.50
DL-phenylalanine 0.29 045T 0.50 0.52
3-(3,4dihydroxyphenyl)-DL- 0.60 0.58T 0.63 0.65
alanine
L-proline 063T 0.70 0.77 0.77
DL-threonine 0.05 0.10 0.10 0.11
DL-aspartic acid 0.05 0.10 0.10 0.11

T = Tailed spot (R, — Ry > 0.3)
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further enhanced slightly and the spots become compact (i.e.

R, - Ry < 0.3).

(d) At surfactant concentration much above the CMC value of
SDS (i.e. 0.1M), the number of amino acids producing tailed
spots is increased as compared with those producing tailed

spots at 0.01 M SDS concentration.

Taking into consideration the compactness and the clearer
detection of spots, the mobile phase containing 0.01M SDS in double-
distilled water was selected. The microenvironment of surfactant-
mediated system is greatly influenced by the presence of added
electrolyte (30). Therefore, mobile phases comprising of 0.01M SDS and
aqueous copper sulfate (0.1M) solution in different volume ratio (9:1,
1:9 and 1:1) were tested with the aim of obtaining better separations of
amino acids. The R values of amino acids obtained on alumina layer

developed with these mobile phases are summarized in Table 3.2.

It is clear from Table 3.2 that a slight decrease in Ry value occurs
on the increase of CuSO,4 concentration. Other amino acids experience
only minor influence of presence of Cu®** ions on their mobility.
However, the presence of Cu®* ions in the mobile phase improves the
selectivel separation of L-proline from other amino acids. The increase in
Rr of L-proline from 0.77 (Table 3.1) in 0.01 M SDS to 0.88 (Table 3.2)
in 0.01M SDS + 0.1M CuSOy4 (9:1) provides an opportunity to achieve

improved separation of L-proline from closely associated amino acids.

In order to examine the influence of different organic and
inorganic compounds on the mobility of amino acids, CuSO; in
M, (0.01M SDS + 0.1M CuSOq4, 9:1 and 1:9) was replaced by 0.1M
CoCl,, NiCl,, LiCl, NaCl, NaNOj3;, Na;MoQy, urea and thiourea and the
resultant mobile phases were used to determine the mobility of amino

acids on alumina layer. The results obtained with M;-M;y (9:1) are
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Table 3.2: Mobility (Rr Value) of Amino Acids on Alumina Layer Developed
with Mixed Mobile Phases Consisting of 0.01 M Aqueous SDS plus
0.1 M Aqueous CuSOy in Different Ratio

Amino Acid 0.01 M Aqueous SDS + 0.1 M Aqueous CuSO4
9:1 5:5 1:9
L-valine 0.68 0.65T 0.62
DL-valine 0.66 0.66T 0.63
L-isoleucine 0.71 0.63T 061T
DL-isoleucine 0.72 0.66T 066T
L-arginine 0.30 0.27 0.12
L-arginine monohydrochloride 0.30 0.27 0.11
L-tryptophan 0.56 055T 030T
DL-tryptophan 0.52 052T 038T
L-methionine 0.50 0.44T 0.34
DL-methionine 0.44 0.32 0.34
L- cystine 0.10 0.06 0.03
L-cystein hydrochloride 0.09 0.04 0.11
L-serine 0.18 017T 0.14
DL-serine 0.18 0.16 T 0.14
DL-nor-leucine 0.62 0.66 T 0.66
L-leucine 0.66 0.65T 0.64
DL-alanine 0.56 054T 0.54
DL-phenylalanine 0.60 0.47 0.53
3-(3,4dihydroxyphenyl)- DL-alanine 0.63 055T 0.53
L-proline 0.88 0.69 0.70
DL-threonine 0.14 0.05 0.05
DL-aspartic acid 007 0.05 0.05

T = Tailed spot (R ~ Rr> 0.3)
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presented in Table 3.3, from where it is evident that the mobility of
amino acids is modified by the presence of ionic as well as molecular
species of the additives. For example, the mobilities of L- and DL-
isoleucines (Rr = 0.43 and 0.46 respectively), L-methionine (Rf = 0.70)
in LiCl containing mobile phase are different from those achieved in
CoClp, NiCl, and NaCl containing mobile phases. Similarly, the
mobilities of L- and DL-serines (Rg »~ 0.55) in NiCl, differ from that
obtained with CoCl, and LiCl containing mobile phases. These
observations.indicate that the nature of cations present in micellar SDS
system play an important role in controlling the mobility of certain
amino acids. This variation in mobility of amino acids is probably caused
due to the fact that these cations interact differently with the anionic
micellar system to provide the microenvironment of different nature.
Furthermore, the nature of anions in the mobile phase was also found to
influence the mobility of amino acids as evident from the results
obtained with NaCl and NaNO; containing mobile phases. The mobilities
of L-serine (Rg = 0.47) and DL-serine (Rf = 0.43) are higher in NaCl
system compared to their mobilities (L-serine, Rg = 0.13 and DL-serine,
R = 0.12) in NaNOj; containing mobile phases. However, the mobilities
of most amino acids achieved in NaMoQ, were found almost identical to
the mobilities obtained in NaNO3; mobile phase in spite of the fact that
MoO,> is stronger complexing agent compared to NO;". The mobilities
of amino acids obtained in urea and thiourea containing mobile phases
are almost comparable which indicate that the higher electronegativity of
nitrogen (urea) compared to sulfur (thiourea) does not exert significant

effect on the mobility of amino acids.

From above discussion, it is apparent that the mobility of most of
amino acids does not differ much in SDS micelllar systems containing

different inorganic and organic additives. However, in certain cases such
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as isoleucine, methionine and serine, the modified mobility in the

presence of additives facilitates new separations of amino acids.

To examine the effect of concentration of additives on the
mobility of amino acids, the Ry values of amino acids were also
determined in M,~M,, (9:1) containing 90% SDS and 10% additives and
the results so obtained were compared with those achieved in
M,-M;q _(1:9) containing 10% SDS and 90% additives. For this purpose,
difference in Ry values i.e. ARy [ARfr = Rf of amino acids in 0.01 M SDS
plus 0.1 M additives (9:1) minus Ry of amino acids in 0.01 M SDS plus
0.1 M additives (1:9)] were calculated. The ARf values listed in Table
3.4 indicate that the mobilities of most of amino acids is influenced on
increasing the additives concentration from 10 - 90% as indicative by
positive or negative values of ARg for all amino acids. Tryptophan,
methionine, L-proline and arginine in CuSOy; leucine, nor-leucine and
alanine in CoCl,; arginine in NiCl,; valine, isoleucine, arginine and
methionine in LiCl; serine in NaCl; arginine in NaNQO;, DL-alanine in
NazMoO;; tryptophan and isoleucine in urea and isoleucine in thiourea
are the most effected amino acids as indicative by higher magnitude of
ARp value. The increase or decrease in Ry value of amino acids on the
increase of the concentration of additives in the mobile phase facilitates

some new separations of amino acids.

The simultaneous lowering of concentration of SDS from 0.01M
and that of additives from 0.1M to 0.001M in the mobile phase
(M;;=M,y) results in the formation of tailed spots with simultaneous
reduction in mobility of most of the amino acids. A representative plot of
ARf [ARf = {Rf of amino acids in 0.01M SDS plus 0.1M additive (9:1)}
— {Rr of amino acids in 0.001 M SDS + 0.001M additive (9:1)}] is
shown in Figure 3.1. It is clear from Figure 3.1 that the mobility (Rg) of

most of the amino acids is decreased on lowering the concentration of
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both SDS and additives in the mobile phase as indicative by positive
values of ARg. The solvent systems (M;;-M;q) were found unsuitable

from the separation point of view of amino acids.

The lowest possible detectable microgram amounts along with
dilution limits of amino acids (given in parenthesis) on alumina layer
were L-isoleucine (6.0, 1:1.6x102), DL-isoleucine (8.0, 1: 1.2 x102), DL-
alanine (8.0, 1:1.2x10%), DL-phenylalanine (5.0, 1:2x10%) and
3-(3,4-dihydroxyphenyl) DL-alanine (4.0, 1:2.5 x10%). The present
method is superior for sensitive detection of DL-phenylalanine compared

to the reported method (31).

An attempt has also been made for the semiquantitative
determination of DL-alanine, DL-phenylalanine, 3-(3,4-
dihydroxyphenyl) DL-alanine and L-proline by spot-area measurement
method. For this purpose, 0.01 mL of standard solutions of these amino
acids (10 -150 pg) was spotted on alumina layer. The plates were
developed and the spots were detected on TLC plates. The spots obtained
were copied directly on tracing paper from the chromatoplates and the
spot area was measured. A relationship between the spot area and
microgram quantities of amino acids follows the empirical equation £ =
km, where € is the spot area, m is the spotted amount and k is constant.
The linearity is maintained up to 150 pg/spot of DL-alanine, DL-
phenylalanine, 3-(3,4-dihydroxyphenyl) DL-alanine and L-proline. At
higher concentration a negative deviation from linear law in all cases
was observed. The precision and accuracy was + 15%. A representative
calibration curve for semiquantitative determination of L- proline is

shown in Figure 3.2.

All the amino acids were clearly detected and reliable separations
were achieved on alumina layer developed with several mobile phase

systems consisting of SDS and organic as well as inorganic additives.
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Figure 3.2: Calibration Curve for Semiquantitative Determination of
L- Proline
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The experimentally obtained separations are listed in Table 3.5. It is

clear from this Table that the developed method is most suitable for

selective separation of L-proline from other amino acids. The

identification and separation of L-proline is important as it has

physiological significance, maintaining the nitrogen equilibrium in man

(32) and the growth of chick (33). The high concentration of proline in

blood causes renal disease, convulsions and mental retardation.
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4.1 INTRODUCTION

Mutual Separation of copper (,5Cu), silver (47Ag) and gold (79Au),
the elements of IB group of the periodic table, is analytically important
because of their similar chemical properties. These metals with general
configuration (n-1) d'"’ns' have a tendency to form complex salts in
which the metal can be a complex cation or complex anion. Copper is
associated with silver in copper glance (Cu,Ag),S ore and hence
separation is needed to isolate pure silver from the ore. The presence of
silver ions has been found to reduce the rate of adsorption of Au®>" from
thiourea solution by activated carbon (1), and in other ways also the presence
of one metal in small quantities has deleterious effects on performance
of other metals. Because of the industrial, commercial and medicinal
importance of these metals, several analytical techniques have been
developed for the separation and determination of Au®*, Cu®* and Ag"
from a variety of matrices. These include ion-exchange chromatography
(2,3,4), potentiometry (5,6), capillary zone electrophoresis (7), solvent
extraction (8,9), single-sweep oscillopolarography (10), ion-pair —
reversed-phase high-performance liquid chromatography (11), size-
exclusion chromatography (12), titrimetry (13,14), reversed-phase
column chromatography (15,16), reflectance spectroscopy (17), flame or
graphite furnace atomic absorption spectrometry (18,19), laser-excited
atomic fluorescence spectroscopy (20), neutron activation analysis, ion -
pair (21,22) and foam plastic (23) chromatography, in addition to
hyphenated techniques, e.g. thin-layer chromatography - spectro-
photometry. (24), solvent extraction — atomic absorption spectroscopy/
flame atomic absorption spectroscopy (25,26), inductively coupled
plasma atomic emission spectroscopy and inductively coupled plasma
mass spectroscopy (27,28) and ion-exchange chromatography—

photometry (29). Ion-chromatography of Au-cyanide complexes and
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problems arising during analysis of gold by titrimetric and

spectrophotometric methods has been reviewed (30, 31).

New materials, including chelate-forming plastics containing
amino-thiourea (32), VS-II anion-exchange fiber (33), ion-exchange
resin loaded with bismuthiol (34), silica gel-bound thia-crown ether
(35), silica gel chemically modified with p- dimethylaminobenzylidene-
rhodanine (36), chitosan treated with dithiocarbamates (37), and
nanofilter membrane (38) have recently been developed and used for

preconcentration and separation of gold, silver and copper.

Among the analytical techniques used thin-layer chromatography
(TLC), which is being inexpensive and versatile, is still popular among
analytical scientists, especially those working in India, China, Japan and
European countries. As a result, TLC systems comprising
ECTEOLA-cellulose and HCl + NaCl + H,0 for separation of gold,
platinum and palladium from associated base metals (39), chitin and
aqueous buffer solutions for separation of Cu®" and Ag® (40), alumina
and aqueous solutions of both organic and inorganic acids and some
sodium salts for rapid separation of Au®* from Te*" and Se** (41,42) and
silica gel containing sodium or ammonium acetate and toluene for
separation of Cu®* complex from transition metal complexes (43) have

been reported.

The analytical techniques listed above have been successfully
used to separate Au** from either Ag" or Cu®* but the work on the
mutual separation of these metal ions from their three-component
mixtures is lacking. As far as we are aware no reference is available on
the separation of mixtures of Au’*, Cu®" and Ag' by TLC with
surfactant-containing mobile phases (or micellar mobile phases). During
our previous study (44) on the micellar thin-layer chromatography of
heavy metal cations we realized that micellar mobile phases have unique

separation capabilities and provide unusual selectivity, enhanced
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detection sensitivity and faster analysis. The efficiency of micellar
systems for the separation of cations (45) and anions (46) has been
reported and reviewed by Okada (47). Surprisingly, very little work
seems to have been performed on the use of micellar mobile phases in
the TLC of inorganic species (48, 49) and none of these studies has
examined the separation of metal cations. It was therefore decided to
identify novel micellar mobile phases enabling highly selective
separations of metal cations. As a result, simultaneous separation of
Au®*, Cu* and Ag® from their mixtures has been achieved on silica
layers by use of a buffered anionic micellar mobile phase with added
amino acids. The proposed TLC method is selective and rapid, with

development times averaging 5 min.

4.2 EXPERIMENTAL

Chemicals and Reagents: Silica gel ‘G’ (Merck, India); sodium dodecyl
sulfate (BDH, India); L-arginine, L-histidine and DL-phenylalanine,
phenols, amines and anions (CDH, India); and L-tryptophan (Loba —

chemie, India), were used. All reagents were of Analar Reagent grade.

Metal Cations Studied: Fe**, Cu**, Ni**, Co?*, UO,*", VO*, cd*, zZn*,
Ag', Pb¥, TI', Bi**, Hg?", A", Ti* and Au™".

Test Solutions: 1.0% aqueous solutions of following salts were used as
test solution:

» Nitrates of Cd**, Zn?*, Pb*", TI*, Bi**, AI’* and Ag".

> Chlorides of Ni%*, Co**, Fe**, Hg?", Ti* and Au’".

> Sulfates of Cu?*, VO*" and UO,**.

All the solutions were prepared in demineralized water with a specific
conductivity (K = 2 x 10 ohm™ at 25°C). To limit the extent of

hydrolysis small quantities of corresponding acid were added to



121

solutions of the nitrates of lead, silver and bismuth and the chloride of

mercury.

Solutions (1%) of anions were also prepared by dissolving the sodium
salts of NO, ", NO; ', MoO44' and PO44'; the potassium salts of I, 105 7,
10,4 -, S,05%, Fe(CN)s> and Fe(CN)¢*, and the ammonium salt of

C,0,% in demineralized water. Aqueous solutions (1%) of the
potassium and ammonium salts of SCN" were also prepared.

Solutions (1%) of a variety of amines and phenols were prepared in

methanol.
Buffer Solutions:
S. No. Composition Volume Ratio pH
1 0.04 M Boric acid — 0.04 M phosphoric 50:50 2.3
acid
2 0.02M Boric acid — 0.04M phosphoric 50:50:8 3.4

acid — 0.24 M NaOH

3 0.04M Boric acid — 0.04M phosphoric 50:50:10 5.7
acid — 0.24 M NaOH

4 0.04M Boric acid — 0.04M phosphoric 50:50:14 7.0
acid — 0.24M NaOH

5 0.04M Boric acid — 0.04M phosphoric 50:50:60 11.9
acid — 0.24M NaOH

Detection Reagents: The reagents used for detection of the cations

were:

> 8x107% (w/v) Dithizone in carbon tetrachloride for Cd2+, Zn2+, Ag+,
Pb**, TI*, Bi*" and Hg".

> Aqueous potassium ferrocyanide (1%) for Fe**, Cu®*, UO,**, VO**

and Ti*".
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» Dimethylglyoxime (0.2%) for Ni** and Co**.

» Aluminon (1%) for AI** and

> Yellow ammonium sulphide for Au**.

Stationary Phase: Silica gel ‘G’

Mobile Phases: The following Solvent systems were used as mobile

phases
Symbol Composition

M, 0.001, 0.005, 0.01 or 0.05 M aqueous SDS

M, 0.001, 0.005, 0.01 or 0.05 M buffered SDS (pH 2.3)

M; 0.001, 0.005, 0.01 or 0.05 M buffered SDS (pH 3.4,
5.7, 7.0 or 11.9)

M, 0.01 M SDS (pH 2.3) + 0.01 M L-arginine (1:9, 3:7,
5:5,7:3 0r9:1)

M; 0.01 M SDS (pH 2.3) + 0.01 M DL-phenylalanine
(1:9, 3:7,5:5, 7:3 or 9:1)

Mg 0.01 M SDS (pH 2.3) + 0.01 M L-tryptophan (1:9,
3:7,5:5,7:3 or 9:1)

M; 0.01 M SDS (pH 2.3) + 0.01 M L-histidine (1:9, 3:7,
5:5,7:3 or 9:1)

Mg 0.001, 0.005 or 0.05 M SDS (pH 2.3) + 0.01 M L-
arginine (9: 1)

My 0.01 M SDS (pH 2.3) + 0.001 M L-arginine, DL-

phenylalanine, L-tryptophan or L-histidine (1:9, 9:1)

Preparation of TLC Plates: Silica gel TLC plates were prepared by the

procedure as described in chapter 3.
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Preparation of Test Materials: The materials used in separation tests

Wwere:

» Gold-plated printed circuit board (GPCB; containing Au, Ni and Cu)

from Toyama Electric, Bangalore, India.

» Silver mirror scrap (SMS; containing Ag and Cu) and Silver mirror
spent solution (SMSS; containing Ag and Cu), both from Ship Mirror

Industries, Bangalore, India.

» High-copper dental amalgam (HCDA; containing Ag, Hg, Cu, Zn and
Sn) from the Dental College, A.M.U., Aligarh, India.

» Synthetic sterling silver scrap (SS; containing Ag and Cu).

Peeling: Peeling of silver mirror scrap (specimen surface area
19 cm?) was performed with concentrated formic acid (90%, w/w) in a
glass beaker. The acid was heated at 110°C and the scrap material was
added into it. On completion of peeling (within 1 min) the solution was
separated and the peeled material was used as the ‘source material’ for

silver.

Leaching: Leaching of silver mirror scrap (specimen surface area
19 cm?) was performed with 50% nitric acid in a glass beaker. On
completion of leaching (within 1 min) the solution was separated from
the leached residue and used for silver separation. A similar leaching
procedure was used for other silver-containing material (0.153g sterling

silver scrap and 0.25g high-copper dental amalgam).

Leaching of gold-plated printed-circuit board (specimen surface
area 72.42cm’ containing 16 large pins and 14 small pins) was
performed with aqua-regia in a glass beaker. On completion of leaching
the solution was separated from the residué and used for gold

separation.



124

Procedure: For the determination of R value of metal ions as described

in chapter 3 for amino acids.

Separation: The test solutions (0.01mL) of mixtures of copper, silver
and gold were spotted on the TLC plate coated with silica gel ‘G’ and
the chromatography was performed using 0.01M SDS (pH 2.3) + 0.01M
L-tryptophan (1:9), or 0.01 M SDS (pH 2.3) + 0.01 M L-histidine (1:9)
as mobile phase. The resolved spots for these metal cations were
observed on TLC plates after spraying with chromogenic reagents. The
Rr values of Au**, Cu® and Ag" in their mixture were found to vary

marginally from their individual Rf values.

Interference: To investigate interference of inorganic anions, amines and
phenols on the Rg values of Au®*, Cu®* and Ag*, an aliquot (0.01mL) of
impurity solution was spotted with the mixture (0.01mL) of Au**, Cu®*
and Ag" and chromatography was performed as described above. The
spots were detected and the Rg values of separated metal ions were

determined.

Limit of Detection: The limits of detection for identification of the

cations as described in chapter 2 for amino compounds.
Applications '

(i) Chromatography of Unspiked Materials: Chromatography of
Jeachate from unspiked dental amalganﬁ and from a printed circuit board
was performed with 0.01 M SDS (pH 2.3) + 0.01 M L-histidine (1:9), as
mobile phase. Spots of Ag®, He?*, Zn2*, Cu®* and Au®" were detected

and the Rf value of each cation was determined.

(ii) Chromatography of Spiked Materials: Spiked samples of PCB,
dental amalgam, and silver mirror scrap leachate, silver mirror spent

solutions, and sterling silver was prepared as follows:

(a) PCB or dental amalgam solution (ImL) was mixed with silver

test solution (1.0%, ImL) and the chromatography was performed on
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0.01mL (1%) of the mixture.

(b) Gold solution (ImL) was added to SMC, SMSS or SS solution
(1.0mL of each) and 0.0lmL of the mixture was used for
chromatographic separation of Au®*, Cu®" and Ag®. The spots were

identified by their respective Ry values.
4.3 RESULTS AND DISCUSSION

The results of this study have been summarized in Figures 4.1 —

4.3 and Tables 4.1 — 4.6. The unique features of this study are:

(1) Selection of micellar mobile phases containing an anionic
surfactant, sodium dodecyl sulfate (SDS), which is negatively
charged and tends to attract positively charged species, including

metal cations.

(2) Use of polar (arginine and histidine) and non-polar (phenylalanine

and tryptophan) amino acids as additives.

(3) Separation of Au’", Cu** and Ag' from their mixtures and
investigation of the effects of phenols, cations and anions on the

separation of mixtures of Au’*, Cu®** and Ag" ions.

(4) Application of the method to the analysis of several real and
synthetic samples to determine the presence of gold, silver and/or

copper.
Effect of Concentration and pH of the SDS Solution

Results obtained by use of different concentrations of unbuffered
aqueous SDS (M,;) and buffer‘ed SDS (M, and M) solutions reveal the

following trends:

(i)  Metal ions such as AI’", Ti**, VO*', Fe’*, Cu®, Zn®*, Pb**, Bi*"
and UO,*" show either no mobility (R = 0.0) or very little
mobility (Rg = 0.05) at all concentration levels as well as over

entire pH range of SDS solutions. A slightly higher mobility
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(Rr = 0.30) in the case of Zn”* was observed when 0.05 M SDS

solution of pH 2.3 was used as mobile phase.

(i)  Ni**, Co*" and TI" produce badly tailed spots (R — Ry > 0.3)
almost with all the mobile phases used with the exception of
0.01 M SDS (pH 2.3). Compared to buffered SDS solutions (pH
3.4, 5.7, 7.0 and 11.9), higher mobility for these cations was
realized with SDS solution (pH 2.3).

(iii)  Au’* as well-formed spot, always migrates with solvent front
(Rr >/0.9) regardless the concentration or pH of SDS solution and
hence it can be selectively separated from binary mixtures of

other metal ions.

(iv)  The mobility of certain metals (Cu®*, Zn**, Ag*, Bi** and AI’")
was increased marginally on substitution of 0.001 or 0.005 M
buffered SDS (pH 2.3) with 0.01 or 0.05 M SDS (pH 2.3).

(v) The development time for 10cm ascent was typically short i.e.

10-12 min for all mobile phase systems used.

The R data of metal ions obtained with buffered SDS (pH 2.3) at
different concentrations (M,;) levels are compared and presented in
Figure 4.1. It is clear from this figure that the mobility of metal ions is

slightly influenced by the concentration of SDS in the mobile phase.
Effect of Added Amino Acids

As micellar SDS solutions (buffered as well as non-buffered) were
found to resolve only limited number of two component mixtures of
metal cations, it was decided to improve the separation efficiency of
SDS mobile phase system. Several workers have reported (50-54) the
improvement in chromatographic efficiency of micellar systems as a
result of alteration in micellar properties in the presence of organic and
inorganic additives. The additives tested so far include alcohols, diols,

dipolar aprotic solvents (DMSO, dioxane), alkylnitriles, alkanes, urea,
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NaCl, and acetone etc. It is surprising that not a single reference is
available on the use of amino acids as additives in micellar TLC of
inorganics. Amino acids being amphiphilic substances are supposed to
provide unique selectivities in the separation of metal cations. Amino
acids were chosen as additives for the following reasons:

(1) Amino acids contain both amino (-NH,) and carboxylic acid
(R-COOH) functional groups providing nitrogen and oxygen as
electron donor centers to coordinate with metals (55).

(ii) Amino acids form complexes with Cu®* (56) and the presence of
ionic surfactant in the medium influences the binding of Cu** with
certain amino acids (57). Cu** and Ag" have greater tendency to
form coordination compounds with nitrogen than that with oxygen
(58).

(iii) In solution, amino acids exist in the following protonic
equilibrium:

R-COOH < R - COO + H'

R-N'H; < R-NH, + H
Thus, the pH depended protonated (R-COOH and R-N"H;) and
proton acceptor (R-COO™ and R-NH,) groups may influence the

migration trend by modifying the properties of micellar mobile phase.

(iv) The aromatic R-groups of phenylalanine and tryptophan are
hydrophobic, a property that has important consequences for the

ordering of water molecules in the mobile phase.

In the present study, the mobile phase systems consisting of
variable concentrations of amino acids (L-arginine, DL-phenylalanine,
L-histidine or L-tryptophan) and buffered SDS (pH 2.3) were formulated
by adding required volumes of 0.01 M amino acids into SDS solution
(0.001 - 0.05M) in volume ratio of 1:1, 3:7, 7:3, 9:1 and 1:9 keeping
total volume constant in each case. The chromatography performed with

these mobile phase systems (M4-Mjy) reveals the following trends:
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The solvent systems [My-M; (3:7, 5:5, 7:3)] containing amino
acids (arginine, phenylalanine, tryptophan or histidine) at
concentration levels of 30 - 70%, produce tailed spots
(RL. — Ry > 0.3) for all the metal ions except AI’*, Pb** and Fe’*
which stayed at the point of application and Au’* that moved with
the solvent front. Thus, the presence of amino acids in SDS
containing mobile phases causes tailing in the spots of metal
cations probably due to competitive interactions among cations,
charged amino acid and anionic SDS. Since the experiments were
performed at pH 2.3, the amino acids in this study are supposed to

bear a net partial positive charge.

In case of mobile phases composed of either 10% SDS and 90%
amino acids [M4-M5, (1:9)] or 10% amino acids and 90% SDS
[M4-M5, (1:9)], number of cations producing tailed spots was
decreased as compared to mobile phases discussed above in (a).
The results are compared in Table 4.1. Compared to mobile
phases containing 90% SDS (0.01M, pH 2.3) plus 10% amino
acids (0.01M), better separation possibilities were with those

containing 10% SDS (2.3 pH) plus 90% amino acids.

Against our hope, arginine (aliphatic amino acid with side chain
containing basic group) which has been utilized satisfactorily for
resolution of amino acid enantiomers via ligand exchange TLC
(59) was found unsuitable for separating metal cations. Similarly,
phenylalanine (a non-cyclic aromatic amino acid) was found
ineffective to produce satisfactory results. However, heterocyclic
aromatic amino acids such as tryptophan and histidine were found
capable to provide better-resolved spots of metal cations. On the
basis of results presented in Table 4.1, the chromatographic
performance (or separation efficiency) of amino acids was in the

following decreasing order:
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L-histidine > L-tryptophan > DL-phenylalanine > L-arginine

Thus, the micellar solvent systems containing heterocyclic amino acids

like L-tryptophan or L-histidine proved superior to solvents containing

aromatic or aliphatic amino acids like phenylalanine or arginine for

separation of metal cations.

(d)

()

()

The solvent system consisting of 0.01 M buffered SDS (pH 2.3)
and 0.01 M histidine (M7) or tryptophan (Mg) in 1:9 ratios was
found most suitable for separating co-existing Au®*, Cu** and Ag*

ions (Table 4.2).

When chromatography was performed using mobile phases (Mg)
obtained by mixing 0.001, 0.005 or 0.05 M SDS (pH 2.3) with
0.01 M amino acid (L-arginine) in 9:1 ratio, less tailed spots for
Ni%*, Co*"; slightly higher mobility for Cu** and TI" and increased
compactness for Zn** and Cd** was noticed with the increase in
SDS concentration of mobile phase. However, the mobility of
Fe**, Pb®’, Bi’", Hg*", A", Ti**, UO,** or VO** (R = 0.0) and
Au** (Rf = 0.9) remained unchanged over the entire SDS

concentration range.

When 0.01 M amino acid in the mobile phases M4-M; was
substituted with 0.001 M, little increase in mobility of Cu**, Fe’”,
Ni**, Co®*, Zn**, and TI* was noticed with mobile phases
cohtaining L-arginine or DL-phenylalanine. However, an opposite
trend (i.e. decrease in the mobility) for these metal ions was
realized with L-tryptophan containing mobile phase. The mobility
of all other metal ions was found to remain unchanged. In the case
of L-histidine, mobility of all metal ions remains almost the same

irrespectivé of the concentration of histidine (0.01 or 0.001 M).

In order to provide a clearer picture about the variation of Rp

values of the metal ions as a function of concentration of amino acids in

the mobile phase, a representative plot of R Vs volume fraction of
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0.01 M L-histidine was constructed (Figure 4.2). The curves shown in
(Figure 4.2) pass through maxima and minima exhibiting the variation
of Rg values (or mobility) of metal cations without any regular pattern.
This situation is probably arised due to the formation of occasional

tailed spots in certain cases as a result of multiple interactions.

In Figure 4.3, the A Rf [Rg in Mg (1:9) minus Rg in M; (1:9)] was
plotted against metal cations to show the net effect of change in
microenvironment of micellar mobile phase on the mobility of metal
ions. It is clear from this Figure that metal ions either migrate faster
(positive A Ry value) in tryptophan containing micellar system or show
the same mobility (A Rg values + 0.05) compared to their mobility in
histidine containing micellar system. Thus, an enhanced mobility of
cations is possible with micellar systems containing amino acid with
large non-polar side chain (e.g. tryptophan) compared to the micellar

systems having amino acid with polar side chain (e.g. histidine).

Separation of metal ions obtained on silica layer with micellar
systems in the presence and absence of amino acids has been listed in
Table 4.2. To widen the applicability of the proposed method, the
separation of Au®**, Cu’" and Ag" was examined in the presence of
organic (phenols, urea, thiourea) and inorganic (cationic and anionic)
impurities.

The results presented in Tables 4.3 and 4.4 indicate that all the
impurities are ineffective in bringing about the change in the mobility of
Au’" and Ag®. Conversely, the mobility of Cu®** is influenced by the
impurities. The variation in Ry value of Cu®" was from 0.30 (o-nitro-
phenol impurity) to 0.60 (thiourea impurity). However, the simultaneous
separation of Au’*, Cu** and Ag® from their mixtures was always
possible. The poorest separation was in the presence of K,S,0g and
ammonium oxalate because of the formation of tailed spots of Cu®".

From the data provided in Table 4.3, it seems that the position of
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Table 4.3: Effect of Organic and Inorganic Impurities on the Separation
of Au®", Cu?* and Ag" on Silica Gel ‘G’ Layers Developed with
0.01 M SDS (2.3 pH) + 0.01 M L-Histidine (1: 9)

1% Aqueous Solution Separation (Ry)

of Different Impurity Au’ Cu? Ag”
Urea 0.94 0.56 0.05
Thiourea 0.95 0.60 0.05
Na NO; (f 0.92 0.44 0.00
Na NO, 0.93 0.52 0.00
Na MoOy 0.94 0.44 0.00
NH,4SCN 0.94 0.55 0.05
NaH,PO, 0.93 0.58 0.00
KIO; 0.92 0.50 0.05
KIOq 0.95 0.44 0.05
KI 0.95 0.55 0.05
K4 [Fe (CN) ¢} 0.93 0.52 0.00
K; [Fe (CN) ¢] 0.95 0.52 0.05
KSCN 0.94 0.55 0.05
K,S,04 0.92 0.52T 0.00
Ammonium oxalate 0.95 0.52T 0.00

T = Tailed spot (R, — Rr> 0.3)
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Table 4.4: Separation of Au3+, Cu”* and Ag’ Ions from their Mixtures, in

the Presence of Phenolic Compounds as Impurities on Silica

Gel ‘G’ Layer Developed with 0.01 M SDS (2.3 pH) + 0.01 M

L-Histidine (1:9)

Phenolic Compounds as Separation (Ry)

Impurity Au? Cu** Ag'
Phenol 0.93 0.55 0.05
Phloroglucinol 0.95 0.56 0.06
Pyrogallol 0.94 0.51 0.00
m-Nitrophenol 0.96 0.50 0.00
o-Nitrophenol 0.96 0.30 0.00
p-Nitrophenol 0.95 .0.53 0.05
Vaniline 0.95 0.57 0.05
Pyrocatechol 0.95 0.49 0.00
m-Hydroxyacetophenone 0.95 0.52 0.05
Gallic acid 0.95 0.56 0.05
Orcinol | 0.93 0.35 0.00
Picric acid 0.96 0.59 0.05
Hydroquinone 0.95 0.55 0.05
Resorcinol 0.93 0.53 0.00
0-Cresol 0.96 0.55 0.05
m-Cresol 0.95 0.53 0.00
p-Cresol 0.92 0.45 0.05
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substituent groups in the benzene ring control the mobility of Cu**. For

example, the order of increase in Ry value of Cu®" (given in parenthesis)

in the presence of o-, m -, and p-isomers of nitrophenols and cresols

was:

o-nitrophenol (0.3) < m-nitrophenol (0.50) < p-nitrophenol (0.53) and
p-cresol (0.45) < m-cresol (0.53) < o-cresol (0.55) .

This reverse order in the mobility of Cu®* can be attributed to the
opposite effects of NO, (an electron withdrawing group) and CH; (an
electron releasing group) attached to benzene ring. The ARf values
(difference in Rf values of resolved spots from binary mixtures of metal
cations) obtained for Au** — Ag*, Au** — Cu®* and Cu®** — Ag" pairs on
silica gel layer were 0.95, 0.30 and 0.65 respectively with 0.01 M SDS
and 0.01 M L-tryptophan (1:9) eluent and 0.95, 0.42 and 0.53 respecti-
vely with 0.01 M SDS + 0.01 M L-histidine (1:9) eluent. From these
data, it can be safely concluded that SDS — tryptophan system is better
for resolving Cu®* — Ag” (A Rr = 0.65) whereas SDS — histidine system
is more useful for resolving Au®* — Cu®" mixture (A Rg = 0.42). The
detection limit (pg), given in parenthesis for Cu®* (6.6), Ag* (1.6), Fe**
(0.76), Zn** (0.022), Cd** (0.038), and Hg*" (0.029) indicates that the
proposed method is highly sensitive to detect heavy metals at trace
levels. Zn>* and Hg®* down to 0.02 and 0.03 (ug) levels respectively can
be easily detected on TLC plates.

The data presented in Table 4.5 clearly demonstrate that the
individual solvent systems are not of much practical utility for
separation purposes. However, buffered SDS (pH 2.3) in combination of
amino acids (histidine/tryptophan), as discussed above has enormous
analytical potentialities to facilitate analytically important separations.

The proposed method was successfully applied for identification
and separation of Au’", Cu®**, Ag®, Ni?* and Hg®" in a variety of

matrices. The results are summarized in Table 4.6.
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5.1 INTRODUCTION

Heavy metals have received considerable attention of analysis in
recent past because of their physical and environmental importance
(1-2). According to our present state of knowledge, metals such as Pb,
Cd, Hg, Ni, Cu, Zn, As and Cr®" are toxic and harmful to human health.
These metals are capable to form stable complexes with bio-ligands
containing oxygen, nitrogen, or sulphur atoms (3) and control several
redox processes in living organisms. The tremendous increase in the use
of heavy metals over the past few decades has inevitably resulted in an
increased flux of metallic substances in aquatic life. Industrial waste
constitutes the major source of various kinds of metal pollution in
aqueous systems. The major sources of chromium to the aquatic
environment are electroplating and metal finishing industrial effluents,
sewage and wastewater treatment plant discharge, and chromates from
cooling water. Chromium exists in several oxidation states (e.g. di-, tri-,
penta-, and hexa-) but only Cr’* and Cr®" are biologically important.
Chromium in the aquatic environment tends to speciate into Cr’* and
Cr®, with the trivalent ion oxidizing into the hexavalent form or

precipitating out of solution.

The various analytical techniques available for the detection,
determination and separation of chromium include normal-phase and
reversed-phase thin-layer chromatography (4-6), ion-chromatography
(7-8), extraction chromatography (9), ion-exchange chromatography
(10-11), reversed-phase high-performance liquid chromatography
(12-13), micellar electrokinetic chromatography (14), precipitation
flotation (15), solid-phase extraction (16), titrimetry (17-18), capillary
electrophoresis (19-20), spectrophotometry (21-22)], atomic absorption
spectroscopy (23-24), atomic emission spectroscopy (25), neutron
activation analysis (26-27), flame atomic absorption spectroscopy (28-

29), graphite furnace atomic absorption spectroscopy (30-31) and
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hyphenated techniques such as ion-exchange chromatography — flame
atomic absorption spectroscopy (32), ion-chromatography — thermal lens
spectrometry (33-34), gas chromatography — neutron activation analysis
(35), inductively coupled plasma mass spectroscopy (36-37), inductively
coupled plasma mass spectroscopy — atomic emission spectroscopy (38-
39), ion-exchange chromatography - flame atomic absorption
spectroscopy (40), solid-phase extraction — flame atomic emission
spectroscopy (41), liquid chromatography — inductively coupled plasma
mass spectroscopy (42), high-performance liquid chromatography -
inducfively coupled plasma mass spectroscopy (43) and ion-

chromatography — inductively coupled plasma mass spectroscopy (44).

Of the various separation procedures, thin-layer chromatography
(TLC) is probably the most versatile as it can be used for the selective
separation of metal cations on micro as well as on a macro scale. The
use of high- performance TLC plates has further enhanced the efficiency
of this technique. The exhaustive survey of literature of last thirty years
(45) shows that tremendous progress has been made in developing rapid
and selective TLC methods for the separation of toxic heavy metals (Cu,
Ni, Co, Pb, Cd, Zn, Hg, Cr, Fe, and Al) from interfering elements using
a variety of acidic developers containing mineral or carboxylic acid as
one of the components. The systematic examination of published data on
the use of acidic mobile phase systems in the analysis of metal cations

demonstrated the following preferential trend about the use of acids:
HCI>HNOs;>H,S0,>H3;P0,>CH;COOH>HCOOH>other carboxylic acids

The most frequent use of HCI is understandable as it forms
chloro-complexes with almost all the heavy metal cations. Perchloric
acid has been rarely used. On the other hand, use of formic acid (FA) as
eluent in TLC of metal cations has received little attention (46-50) in
spite of the facts that (a) it does not permit oxidation of cations during

analysis, (b) FA containing developers are less affected by silica gel
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properties (51), (c) it provides excellent resolution of aflatoxins (52) and
metal cations (46-50) and (d) it is sufficiently acidic [K, (H,O) at
25°C = 1.77 x 10™] to prevent hydrolysis of salts.

All the studies with FA containing eluents were performed using
conventional, laboratory made TLC plates. It was therefore decided to
utilize the analytical potential of FA as eluent and precoated HPTLC
silica plates as stationary phase in the analysis of heavy metal cations.
As a result several analytically important separations of heavy metals
were realized. The separation of different valency states of chromium is
industrially important as Cr’" is converted to Cr** in alkaline peroxide

media.

5.2 EXPERIMENTAL

Chemicals and Reagents: Silica gel 60 F,s4 ‘HPTLC’ plates (Merck,
Darmstadt, Germany); dimethylamine (s.d.fine chemicals Ltd, India);
dimethylaniline, inorganic salts, amines and phenols (CDH, India);
o-aminophenol (Loba Chemie, India); formic acid (Merck, India),
methanol and acetone (Qualigens, India) were used. All the reagents

used were of Analytical Reagent grade.

Test Solutions: Standard aqueous solutions (1;0%) of the chloride,
nitrate or sulfate salts of Ni**, Co**, Hg*", Cr’*, Cd*, Pb**, TI*, Bi’*,
A", Ag', VO*" and Cr®" were used as test solutions.

Detection Reagents: Conventional chromogenic reagents as mentioned
in chapter 4 were used for the detection purposes of metal ions. Cr®* was
detected with saturated alcoholic solution of AgNO; and Cr** with 1%

methanolic solution of alizarin red “S’.

Stationary Phase: Silica gel 60 F,s, HPTLC” plates
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Mobile Phases: The following solvent systems were used as mobile

phase

Symbol Composition
M, "Methanol (MeOH)
M, Dimethylamine (DMA)
M; Formic acid (FA)
M, Acetone
M; Dimethylaniline (DMAL)
Mg ortho-Aminophenol (o- APH)
M, Methanol + dimethylamine (8:2)
Mg Methanol + formic acid (8:2)
M, Water + dimethylamine (8:2)
Mo Water + formic acid (8:2)
My, Dimethylamine + methanol + formic acid (2:8:2)
M, Dimethylamine + methanol + formic acid (4:8:2)
My; Dimethylamine + methanol + formic acid (8:8:2)
M4 Dimethylamine + methanol + formic acid (10:8:2)
Mis Dimethylamine + acetone + formic acid (2:8:2)
\% PP Dimethylamine + acetone -+ formic acid (4:8:2)
M, Dimethylamine + acetone + formic acid (8:8:2)
Mg Dimethylamine + acetone + formic acid (10:8:2)
Mo Dimethylamine + water + formic acid (2:8:2)
M, Dimethylamine + water + formic acid (4:8:2)
M, Dimethylamine + water + formic acid (8:8:2)
M;, Dimethylamine + water + formic acid (10:8:2)
My; Dimethylaniline + methanol + formic acid (2:8:2)
\Y o Dimethylaniline + methanol + formic acid (4:8:2)
M,s Dimethylaniline + methanol + formic acid (8:8:2)
My Dimethylaniline + methanol + formic acid (10:8:2)
M;, o-Aminophenol + methanol + formic acid (2:8:2)
Mg o-Aminophenol + methanol + formic acid (4:8:2)
Mg o-Aminophenol + methanol + formic acid (8:8:2)
M, o-Aminophenol + methanol + formic acid (10:8:2)
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Procedure: The chromatography of heavy metal cations was performed

following the procedure as described for amino compounds in chapter 2.

Separation: The test solution (0.01 mL) containing metal ions to be
separated were spotted on HPTLC plates and the chromatography was
performed using various mobile phases. The resolved spots for these
metal cations were observed on HPTLC plates after spraying
chromogenic reagents and the Ry values of the separated metal ions

were determined.

Interference: For investigating the interference of inorganic ions,
phenols and surfactants on the Ry values (mobility) of Cr®* and Cr**, an
aliquot (0.01mL) of impurity solution was spotted with each metal ion
as mixture on HPTLC plate and chromatography was performed as
described above. The spots were detected and the Ry values of

separated metal ions were determined.

Effect of pH: Effect of pH on the mutual separation of Cr®", Ni** and
Co** was investigated by adding required amount of acid to the mixture
of the three metals and subjected to HPTLC process as has been

described earlier.

Limit of Detection: The detection limits of Ni**, Co**, Cu** and Pb**
were determined by the procedure as described in chapter 2 for amino

compounds.

Semiquantitative  Determination by Spot-Area Measurement: For
semiquantitative determination by sport- area measurement method, 0.01
mL volumes from a series of standard solutions (0.5 — 2.0%) of Ni** and
Cr®* were spotted on HPTLC plates. The plates were developed with My
[methanol + dimethylamine (8:2)] and M,; [dimethylamine + methanol +
formic acid (8:8:2)]. After detection the spots were copied onto tracing
paper from the chromatoplates and then the area of each spot was

calculated.
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Semiquantitative Determination by Visual Comparison: Aliquot (0.01
mL) of standard solutions of different concentrations (0.5 — 2.0%) of
potassium dichromate were spotted on HPTLC plates alongwith the
spotting. of 0.01mL of industrial wastewater sample. After completing_
the chromatographic process, the color intensity and the Rp value of
analyzed industrial wastewater sample was matched with the colored
spots of standard reference solutions of potassium dichromate. The
amount of chromium present in the industrial sample was determined
according to color intensity of its spot on HPTLC plate after visual

comparison with the color intensities of standard solutions.

Chromatography of Spiked Wastewater Samples: The spiked samples

of industrial wastewater were prepared as follows:

(a) Wastewater sample (sample 1) containing Cr® was spiked with
aqueous solution of Cr** (1%) in 1:1, v/v ratio. About 0.01 mL of
the resultant spiked sample was subjected to HPTLC on silica
layers using M; as mobile phase and R values of the resolved

spots of Cr®" and Cr** were determined.

(b) Industrial wastewater samples (samples 2 and 3) containing Ni**
were spiked with aqueous solutions of Cr®* (1%) and Cr’* (1%)
in 1:1:1, v/v ratio and 0.01 mL of the resultant sample was
subjected to chromatography using M;; as mobile phase. The Rp

values of resolved spots of Ni**, Cr®" and Cr** were determined.

5.3 RESULTS AND DISCUSSION

The results of the present study have been summarized in Tables
5.1 - 5.7 and Figures 5.1 - 5.3. The mobility of metal cations obtained
with pure single-component organic mobile phases (M;-Mg),
two-component mixed organic (M;-Mg) and aqueous — organic (Ms-
Mjo) solvent systems has been summarized in Table 5.1. It is clear

from Table 5.1 that only formic acid containing mobile phases (M; Mg
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and M) is capable to induce the migration of metal cations. Cr® is the
exception, which shows higher mobility with certain mobile phases
(M;-My, M; and M) in the absence of formic acid. The use of pure
acetone as mobile phase (My) resulted in the formation of double spots
of Cr®*. The peculiar behavior of formic acid as tailing reducer and
mobility activator opens new separation opportunities of metal cations.
Keeping this in mind, we added a third component methanol, acetone
or water in the mixture of amines and formic acid. The resultant three-
component mobile phase systems (M;;-Mys) were investigated as
developer in TLC of metal cations. Amines were selected because of
our past experience (52) as they provide highly compact and well-

resolved spots of metal cations on silica layer.

The results obtained with mixed aqueous — organic solvent
systems (M;;-M,;) containing different concentrations of DMA and
fixed concentrations of FA and organic modifier (M;;-M;g) or water
(M;9-M,,) are tabulated in Table 5.2. On the basis of these results, the

metal cations can be grouped into following three categories:

(a) Metal cations such as VO**, Ag* and Bi®" are strongly retained
by the stationary phase and remain near the point of
application irrespective of the concentration of dimethylamine

and the nature of the organic modifier (methanol or acetone).

(b) Metal cations such as Cr®* and Cr®" showed an increase in the
mobility with the increase of dimethylamine concentration in
the mobile phase irrespective of the fact either the mobile
phase contains methanol (M;;-M;4), acetone (M;s-M;3) or
water (M;9-Mj;) in combination with formic acid and

dimethylamine.
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(c) Metal cations such as Hg2+, Pb%", Cd2+, TIY, Ni* C02+, and
Bi** showed decrease in Ry with the increase of dimethylamine

concentration in the mobile phase systems (M;;-M3,).

Thus, these mobile phase systems facilitate the selective
separation of several metal cations by virtue of their variable mobility
trends. For example, Cr** and Cr®" can be selectively separated from all
other metal cations using M3, M4, M3, M;; and M,, because of their
higher mobility compared to other metal cations in these mobile
phases. Similarly, M;3 and Mg can be utilized for achieving an
analytically important Ni**~ Co®*— Cr®* separation from their mixtures.
This separation could not be achieved with pure organic (M;-Mg) and
two-component mixed organic (M, Mg) as well as mixed aqueous —

organic (My, M ;o) mobile phase systems.

In order to examine the effect of nature of amino compounds on
the mobility of metal cations, dimethylamine was replaced by
dimethylaniline (Mj3-Mj6) and ortho-aminophenol (Mj,;-M3q) in the
solvent systems (M;;-M;,4) maintaining the volume ratio of methanol
and formic acid the same. The resultant mobile phase systems (M,;-
M;,) were used to determine the Ry value of metal cations. The results
obtained are encapsulated in Table 5.3. It is clear from Table 5.3 that
the nature of amino compound has pronounced effect on the Ry value
(or mobility) of metal cations. VO**, Ag* and Bi** show little mobility
with all the mobile phase systems (Mj3-M3g).

The following changes in R values of the cations were noticed

due to the substitution of dimethylamine with dimethylaniline:

(a) Rp value of Cr® drops from 0.91 (M,3) and 0.92 (M;4) to 0.07
(M25) and 0.05 (M26).

(b)  Rp value of Pb** decreases from 0.52 (M) to 0.27 (Myy).
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(¢) Ry value of Cd** decreases from 0.89 (M,;), 0.66 (M,,), 0.42
(Mi3) and 0.29 (M;4) to 0.48 (Mys), 0.39 (M,4), 0.28 (M,s) and
0.15 (Myg).

“(d) ~ "Ry value of T1" increases form 0:13 (Mj3) and 0:10-(M;4) to-0.62
(M3s5) and 0.41 (M,).

(¢) Ry value of Cr’* decreases from 0.90 (M;;, M;4) to 0.10 (M,s)
and 0.05 (M26).

Similagly, on the substitution of dimethylaniline in M;;-M;4 by
o-aminopheﬁol caused a decrease in Ry value of Pb** from 0.63 (M)
and 0.52 (Myy) to 0.25 (M,7, Myg), whereas the R of Cd** increased
from 0.29 (M;4) to 0.85 (M3¢). The Rf values of Ni** and Co** from
0.00 (M4) to 0.92 and 0.76 (M;q) respectively. A decrease in Rf value
of Cr’* from 0.60 (M) to 0.40 (M,;) was also observed.

It is clear form above observations that amine — methanol —
formic acid systems have enormous analytical potentiality for
achieving selective separations of heavy metal cations form their multi-
component mixtures because the nature of the added amine has
profound influence on the mobility of cations. Some separations of
metal cations achieved experimentally using different mobile phase

systems have been encapsulated in Table 5.4.

Tables 5.5 and 5.6 summarize the effect of various inorganic
ions, surfactants and phenolic impurities on the separation of co-
existing Cr®" and Cr**. It is evident from Table 5.5 that inorganic ions
bring about a marginal change in the mobility of Cr®" without
influencing the mobility of Cr’*. Thus, the separation is possible in all
cases. Amongst heavy metal ions, Hg** and AI** influence the mobility
of Cr®" resulting in the formation of tailed spot. A significant lowering
in Ry value of Cr®" was noticed in the presence of MoO,* where Ry

value is decreased from 0.85 to 0.71. A tailed spot of Cr®" is also
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Table 5.5: Effect of Inorganic Impurities on the Separation of Co-
existing Cr®" and Cr’* from Their Mixture on Silica HPTLC
Plates Developed with M; [Methanol + Dimethylamine (8:2,

viv)]
Separation (Ry)
Impurities o oo
Ni** 0.83 0.05
Co™* 0.83 0.05
cd* 0.78 0.05
Zn** 0.79 0.05
Ag® 0.84 0.05
Pb** 0.84 0.05
TI" 0.88 0.05
Bi** 0.78 0.05
Hg** 0.80T 0.05
AP 0.80T 0.05
NaNO, g 0.75 0.05
NaNO; 0.79 0.05
NaH,PO, 0.79 0.05
KI 0.81 0.05
KIOs 0.90 0.05
KBr 0.67T 0.05
K3[Fe(CN)g] 0.81 0.05
K4[Fe(CN)q] 0.86 0.05
NH,SCN 0.81 0.05
(NH4):MoOy 0.71 0.050
 Without impurit 0.85 0.05

T = Tailed spot (R, — Ry > 0.30)
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Table 5.6: Effect of Surfactants and Phenolic Impurities on the
Separation of Cr® and Cr’* from Their Mixture on Silica
HPTLC Plates Developed with M,; [Methanol +
Dimethylamine (8:2, v/v)]

Separation (Rp)

Impurities o o

Sodium dodecyl sulphate (SDS) 0.67T 0.05
N-Cetyl-N,N,N-trimethyl ammonium bromide (CTAB) 0.64T 0.05
Polyoxyethylene dodecyl ether (Brij- 35) 0.75T 0.05
Polyoxyethylene (20) cety! ether (Brij- 58) 0.67T 0.05
Polyoxyethylene (20) stearyl ether (Brij- 78) 0.70T 0.05
Polyoxyethylene (20) oleyl ether (Brij- 98) 0.67T 0.05
Polyoxyethylene (20) sorbitan monolaurate (Cween- 20) 0.75 0.05
Polyoxyethylene (4) sorbitan monopalmitate (Cween- 40) 0.67T 0.05
Sorbitane monostearate (Span- 60) 0.69T 0.05
Orcinol 0.80 0.05
Resorcinol 0.76 0.05
Pyrocatechol 0.80 0.05
Phloroglucinol 0.83 0.05
Pyrogallol 0.81 0.05
o-Aminophenol 0.80 0.05
m-Aminophenol 0.86 0.05
p-Aminophenol 0.50T 0.05
Without impurity 0.85 0.05

T = Tailed spot (R; — Ry > 0.30)
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formed in the presence of Br’. The results presented in Table 5.6
clearly demonstrate that the effect of surfactants is similar to that of
inorganic ions on the mobility of chromium ions. Mobility of Cr’*
remains unaffected whereas the mobility of Cr®* is marginally changed.
The compactness of Cr®* spot is converted into elongated shape in the
presence of surfactant irrespective of the nature of the surfactant
(anionic, cationic or non-ionic). However, the separation of Ccr® from
Cr’* is always possible. Phenolic impurities were also found to
influence the mobility of Cr®" slightly whereas the mobility of Cr’*
remained unaffected. The separation of Cr®* from Cr** is possible in
the presence of all phenols except p-aminophenol, which cause

significant tailing in Cr®" and hampers its separation from Cr’*.

Effect of pH on the Rp values of Ni**, Co®* and Cr®" and on the
mutual separation of Ni**- Co?*- Cr®" has been shown in Figure 5.1. It
is clear from the figure that the best separation of Ni**, Co®* and Cr®*
from their mixture can be obtained in the pH range 2.5 — 3.5. At pH
1.5, the mobility of Ni** is reduced such that it can not be separated
from Cr®" and Co**. At pH 6.0, the Ry value of Ni*" is increased and
hence its separation from Cr®" and Cr** is poor. At pH 8.0, mobility of
Ni** is increased much higher than that of Cr®" giving poor separation

from the mixture of Cr®*, Ni** and Co?**.

The lowest detectable microgram amounts along with dilution
limits (given in parenthesis) of metal ions achieved on HPTLC plates
developed with M, solvent system were for Ni**(0.028, 1: 3.5 x 10°),
Co®*(0.11, 1: 9 x 10%), Cu®*(2.09, 1:4.784 x 10%) and Pb**(0.08, 1:1.25
x 10%). It is clear from these data that the proposed method is highly

sensitive for the detection of the cations.

In addition to the qualitative analysis, a quantitative evaluation
of the metal ions is often required to ascertain the level of the toxic

metals in environment samples. A relatively less accurate but the
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Figure 5.1:  Effect of pH on the Separation of Cr® — Ni** — Co** Developed

in M;; (Dimethylamine — Methanol — Formic Acid, 8:8:2)
Mobile Phase on HPTLC Silica Plate
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simplest method for quantitation is based on the measurement of the
size of the spot by drawing the outline of the spot on a piece of tracing
paper. Therefore, an attempt was made to achieve semiquantitative
determination of metal ions by measuring the spot area. A linear
relation obtained when the amount of the sample spotted was plotted
against the area of the spot (Figures 5.2 and 5.3) follows the empirical
equation & = km, where § is the area of the spot, m is the amount of the
solute and k is a constant. The linearity is maintained up to 200 pg/
spot of Ni**-and Cr®". At-higher concentration, a negative deviation
from linear law in both the cases was observed. The standard curve
constructed for semiquantitative determination of Cr®* (Figure 5.2)
was used to find out the amount of chromium present in industrial
wastewater sample. The accuracy and precision were below + 15%.
The results of semiquantitative determination by visual comparison
method were applied for estimating the Cr®" present in industrial
wastewater. The analyzed industrial wastewater samples (chrome
wastewater) were found to contain chromium content in the range 5-75
ng/ L.

The proposed method was successfully applied for identification
and separation of heavy metal ions in spiked industrial wastewater
samples. The results presented in Table 5.7 clearly demonstrate the
applicability of the method for identification of Cr®*, Cr’*, Ni** and
Co®" as well as the mutual separation of coexisting Cr®" from Cr** and
of Cr®" from Ni** and Co®" in a variety of industrial wastewater

samples.
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Figure 5.2: Calibration Curves for Semiquantitative Determination of Cr®" and Ni?*

Developed in M, (Methanol — Dimethylamine, 8:2) Mobile Phase System
on HPTLC Silica Plate



Rr

0 1 T 1 1
0 50 100 150 200
Amount of Ni** (g)
3.5}
’
2.5
*
2_
1.5
1..
*
0.5
0 T T I el -
0 50 100 150 200
Amount of Ni** (ug)
Figure 5.3:  Calibration Curves for Semiquantitative Determination of Ni** and

cr™ Developed in M;; (Dimethylamine — Methanol — Fomic Acid,
8:8:2) Mobile Phase System on HPTLC Silica Plate

164



165

Table 5.7: Application of Proposed Chromatographic System (HPTLC
Silica Gel — M; and M;;) in Identification and Separation of
Certain Heavy Metals from Spiked Industrial Wastewater

Samples
Mobile Phase Industrial Wast Separation (Ry)
M; Sample 1 Cr® (0.86) — Ni** (0.45) — Co** (0.00)
M;; | Sample 2 Cr® (0.87) = Ni?* (0.41) — Co** (0.03)

Sample 3 Cr® (0.87) - Ni** (0.43) — Co?* (0.00)
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6.1 INTRODUCTION

Because of unique properties, formic acid (FA) has been used as a
promising medium for chromatographic separation of metal cations by
ion-exchange column chromatography (1-3). The favorable
chromatographic features of FA as an eluent in inorganic
chromatography include (a) capability to form formate complexes with
certain metal cations (4), (b) sufficiently acidic nature [K, (H,0) at 25°
C=177x 10'4] to check the hydrolysis of metal salts, (¢) reducing
properties to prevent oxidation of cations during analysis and (d) a
clearer detection of metal cations on silica TLC plates after development
(5). Our investigations on laboratory made plain and surface modified
silica layers have shown that FA offers unusual possibilities in thin-

layer chromatographic analysis of cations (5-7).

After careful survey of recent literature on planar
chromatographic analysis of metal cations (8-11), we reached to the
conclusion that the analytical potential of FA containing eluents has not
been fully utilized. It was therefore, decided to use aqﬁeous formic acid
solutions with added surfactants and organic solvents as mobile phase in
TLC analysis of heavy metal cations on precoated silica HPTLC plates.
As a result, many important separations of metal cations from their
multicomponent mixtures have been realized within 3 - 5 min on micro-
HPTLC plates. The proposed method has been applied for identification
of heavy metals in synthetically prepared hydroxide sludge and spiked

industrial wastewaters.

6.2 EXPERIMENTAL

Chemicals and Reagents: Silica gel 60 F,s54 ‘HPTLC’ plates (Merck,
Darmstadt, Germany); sodium dodecyl sulfate (BDH, India); N-cetyl-N,
N,N-trimethyl ammonium bromide (CTAB) and Triton X-100 (Loba

Chemie, India); methanol, ethanol and acetone (Qualigens, India);
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1,4-dioxane and formic acid (Merck, India), dimethyl sulfoxide,
acetonitrile and inorganic salts (CDH, India) were used. All the reagents

used were of Analytical Reagent grade.

Test Solutions: Standard aqueous solutions (1.0%) of the chloride,
nitrate or sulfate salts of Ni*¥, Co®*, Fe**, Hg?*, Ti**, cd*, pb*', TI",
Bi**, AI**, Ag’, Cu®*, VO** and UO,?* were used as test solutions.

Detection Reagents: Conventional chromogenic reagents as mentioned

in chapter 4 were used for the detection purposes of metal ions. Cr®" was

detected with saturated alcoholic solution of AgNO;.
Stationary Phase: Silica gel ‘HPTLC’ Plates

Mobile Phase: The following solvent systems were used as mobile

phase

Symbol Composition

M, 1.0 M HCOONa

M, 1.0M HCOOH

M; 1.0M HCOOH + 1.0 M HCOONa (3:7)
M, 1.0M HCOOH + 1.0 M HCOONa (1:1)
M; 1.0 M HCOOH + 1.0 M HCOONa (7:3)
Mg 0.0t M HCOOH

M; 0.01 M HCOONa

M; 1.0 M HCOOH + CH;0H (7:3)

My 1.0 M HCOOH + C,Hs0H (7:3)

Mig 1.0 M HCOOH + acetone (7:3)

M, 1.0 M HCOOH + acetonitrile (7:3)

M, 1.0 M HCOOH + DMSO (7:3)

M;i; 1.0 M HCOOH + 1,4-dioxane (7:3)
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M4 1.0 M HCOOH + 0.1 M aq. SDS (7:3, 3:7)

M;5s 1.0 M HCOOH + 0.1 M aq. CTAB (7:3, 3:7)

M6 1.0 M HCOOH + 0.1 M aq. Triton X-100 (7:3, 3:7)

M, 1.0 M HCOOH + 0.0001 M aq. SDS (7:3)

M 1.0 M HCOOH + 0.0001 M aq. CTAB (7:3)

M 1.0 M HCOOH + 0.0001 M agq. Triton X-100 (7:3, 3:7)

Preparation of Spiked Industrial Wastewater and River Water: A
50 mL volume of industrial wastewater (pH 2.98) collected from lock
industries, Aligarh, India or river water (pH 7.48) obtained from Ganga
river at Naraura, India was spiked with 100 pg each of Ni2+, Cd** and
Ag’ salts. About 30 mL of 0.5% thioacetamide solution was added into
the spiked sample. The resultant precipitate of Ni, Cd and Ag sulfides
was washed with distilled water, centrifuged and dissolved in minimum
possible volume of concentrated HCI1. The acid was completely removed
by evaporation and the residue was dissolved in 5 mL of distilled water.
An aliquot (5uL) of each sample was applied on TLC plate and

chromatography was performed as done for the standard samples.

Preparation of Heavy Metal Hydroxide Sludge: Synthetic heavy metal
sludge of Ni, Cd and Ag was prepared by adding sufficient volume of
1% NaOH solution into a mixture containing 1% solution of these metal
salts in equal volumes. The metal hydroxide precipitate so obtained was
filtered, dried and dissolved in a minimum volume of concentrated
hydrochloric acid. The acid was completely evaporated, the residue was

dissolved in 5 mL of distilled water and TLC was performed having

5 pL sample.
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Procedure: For the determination of Ry value of metal ions as described

in chapter 2 for amino compounds.

Separation: For the separation of heavy metal cations, the procedure

followed is as described in chapter 5.

Limit of Detection: The limits of detection for identification of cations

as described in chapter 2 for amino compounds.

Semiquantitative Determination by Spot-Area Measurement: For
semiquantitative determination by spot- area measurement method, 0.01
mL volumes from a series of standard solutions (0.5 — 2.0%) of Ni*",
Fe**, T1" and Pb>" were spotted on HPTLC plates. The plates were
developed with Msi.e. 1.0 M HCOOH + 1.0 M HCOONa (7:3). After
detection the spots were copied onto tracing paper from the

chromatoplates and then the area of each spot was calculated.

Semiquantitative Determination by Visual Comparison: Aliquot
(0.01 mL) of standard solutions of different concentrations (0.5 - 2.0%)
of nickel chloride were spotted on HPTLC plates alongwith the spotting
of 0.0lmL of industrial wastewater sample. After completing the
chromatographic process, the color intensity and the Rfp value of
analyzed industrial wastewater samples were matched with the colored
spots of standard reference solutions of nickel chloride. The amount of
nickel present in the industrial samples was determined according to
color intensity of its spot on HPTLC plate after visual comparison with

the color intensities of standard solutions.
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6.3 RESULTS AND DISCUSSION

The results have been presented in Tables 6.1 — 6. S and Figures
6.1 — 6.2. The Ry values of metal cations obtained on silica HPTLC
plates developed with 1.0 M HCOOH (pH ~ 2.3), 0.01 M HCOONa
(pH > 7.0) and 1.0M HCOOH plus 1.0 M HCOONa (3:7, 1:1, 7:3) are
summarized in Table 6.1. With 1.0 M HCOONa (M,), most of the
cations remain near the point of application whereas TI® shows
appreciable mobility and thus can be selectively separated from other
metal ions on HPTLC silica plate developed with 1.0 M HCOONa.
Conversely, Cu®" and Cd** have much higher mobility in 1.0 M HCOOH
(M,) compared to 1.0 M HCOONa and can be separated from Fe’*,
U022+, V02+, Bi’" and Ti*'. The combinations of these two solvent
systems in different proportions further increase the separation
potentiality of formic acid by modifying the retention behavior of
cations and several metal cations can be selectively separated with
M;-Ms mobile phases. The lowering of HCOOH or HCOONa
concentration from 1.0M to 0.01M (Mg, M5) results in the decrease in
Rr value of cations. The results presented in Figure 6.1 as ARr (Rf in
1.0 M HCOOH or HCOONa - Rf in 0.01 M HCOOH or HCOONa Vs
metal cations) plots clearly indicate this effect. At high acid
concentration (1.0 M HCOOH), the large number of H' ions compete
with the cations for the exchange sites of silica gel leading to high

mobility (i.e. high Rg values) for metal cations.
Effect of Added Organic Solvents

In order to understand the role of organic solvents on the mobility
of metal ions, the Rr values of metal cations were determined with
mobile phases Mg-M;; obtained by mixing methanol, ethanol, acetone,
DMSO, dioxane and acetonitrile with 1.0 M aqueous FA respectively in

7:3 ratios by volume. The AR values (obtained by subtracting Rp
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Table 6.1: Mobility (Rr Values) of Heavy Metal Cations on Silica HPTLC Plates

Developed with Formate Ion Containing Mobile Phases

Mobile Phase
Metal Ion M, M, M; M, M;s
Fe** 0.00 0.10 0.00 0.00 0.00
Cu?t 0.00 0.77 0.72 0.30T 0.51
Ni%* 0.28 0.87 0.72 0.68 0.84
Co?* 0.30 0.87 0.51 0.70 0.84
U0, 0.00 0.00 0.00 0.00 0.08
\o 0.00 0.15 0.00 0.00 0.06
cd* 0.00 0.58 0.36 0.52 0.48
Ag' 0.00 0.18T 0.00 0.00 0.00
Pb* 0.00 0.40T 0.03 0.12 0.30T
T 0.68 0.62 0.67 0.55 0.35
Bi** 0.05 0.05 0.00 0.00 0.07
Hg** 0.10 0.46T 0.00 0.00 0.20T
AP* 0.00 0.35T 0.00 0.00 0.28T
Ti* 0.05 0.00 0.05 0.05 0.05
cr® 0.66T 0.69 0.62 0.90 0.68

T = Tailed spot (R, — Ry > 0.30)
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values realized in 1.0 M FA from the Ry values achieved in 1.0 M FA
plus organic additives) are presented in Table 6.2. The positive and
negative values of ARy clearly demonstrate the effect of added organic
solvents on the mobility trend of metal cations. Several workers (10-17)
have mostly used the above mentioned organic solvents as one of the
components of mixed—aqueous or organic mobile phase systems for TLC
analysis of inorganic ions. Amongst these, DMSO is aprotic dipolar;
MeOH and EtOH are polar proton donor; dioxane is proton acceptor;
acetone being non-polar favors the formation of non- dissociated metal
complexes and acetonitrile bearing CN group is an useful complexing
agent. Thus, the inherent diverse properties of the added organic
solvents were found to favorably influence the mobility pattern of metal
cations leading to the opening of new possibilities for the separation of
metal cations. The mobility of heavy metal cations decreases upon the
addition of alcohol or ketone (e.g. MeOH, EtOH and acetone) in the
mobile phase. This trend is indicative by negative value of ARp
(Table 6.2) for most of the metal cations. Conversely, the addition of
1,4-dioxan, DMSO and acetonitrile in the mobile phase enhances the

mobility of cations as indicative by positive ARg value.
Effect of Added Surfactants

The use of surfactant — mediated systems, as mobile phase in
liquid chromatography has been the choice of analytical chemists
because of their advantages of enhanced selectivity, low cost and
reduced toxicity. Since the first report by Armstrong and Henry (18),
interest in surfactant-mediated mobile phases under the name of ion-pair
chromatography (IPC) or micellar liquid chromatography (MLC) has
grown rapidly (19-24). Keeping in mind the unusual selectivity of
surfactant eluents, we have used anionic (SDS), cationic (CTAB) and

anionic (Triton X-100) surfactants in combination with 1.0 M FA as
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eluent. The mobility pattern of metal cations obtained on HPTLC plates
developed with surfactant containing FA mobile phase is provided in
Table 6.3. The Rg values data listed in Table 6.3 show that the mobility
of the cations is modified by the presence of surfactants in the mobile

phase.

From the results presented in Table 6.3, following trends are noticeable:
(a) Fe*', Ag', Bi’" and Ti* remain near the point of application
irrespective of the nature of surfactant (cationic, anionic or non-

ionic) and the concentration of surfactant.
(b)  AI* produces tailed spot at all concentration of the surfactants.
(©) Cr6+, Pb2+, UOz2+ and Cd** show occasional tailing.
(d) Most of the metal cations show higher mobility in mobile phases
comprising of volume ratio 7:3 of formic acid and surfactant

solution compared to the mobile phase consisting of formic acid

and surfactant in 3:7 volume ratio.

(e) Lowering of surfactant concentration from 0.1 M (M;4,-Mj4) to
0.0001 M (M7-M,y) in the mobile phase leads to minor change in
mobility of metal ions.

The formic acid containing mobile phases were found capable to
resolve several metal cations from their multicomponent mixtures. As a
result some important separations of metal cations realized
experimentally have been summarized in Table 6.4.

The lowest detectable microgram amounts along with dilution
limits (given in parenthesis) of metal ions achieved on HPTLC plates
developed with M;s solvent system were for Cu®" (2.07ng, 1: 4.830 x
10%), Ni** (0.026pg, 1: 3.8 x 10%), Co®* (0.09ug, 1: 1.1 x 10%) and
Pb®* (0.1ug, 1: 10 x 10%). It is clear from these data that the proposed

method is highly sensitive for the detection of the cations.
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In addition to the qualitative analysis, a quantitative evaluation of
the metal ions is often required to ascertain the level of the toxic metals in
environment samples. A relatively less accurate but the simplest method
for quantification is based on the measurement of the size of the spot by
drawing the outline of the spot on a piece of tracing paper. Therefore, an
attempt was made to achieve semiquantitative determination of metal ions
by measuring the spot area. A linear relationship obtained when the
amount of the sample spotted was plotted against the area of the spot
follows the empirical equation & = km, where & is the area of the spot, m is
the amount of the solute and k is a constant. Representative plots for Ni**
and Pb** are shown in Figure 6.2. The linearity is maintained up to 200
ug/ spot of Ni2*, Pb**. Fe’*, and TI". At higher concentration, a negative
deviation from linear law in all cases was observed. The standard curve
(Figure 6.2) was used to find out the amount of nickel present in industrial
wastewater samples. The accuracy and precision of the method was about
+ 15%. The results of scmiquantitative determination by visual comparison
method were applied for estimating the nickel present in industrial
wastewater. The analyvzed industrial wastewater samples (chrome, bright

and wastewaters) werc found to contain nickel content in the range

7-100 pg/ L.

Amongst TLC systems examined, the system comprising of silica
HPTLC plates developed with Msi.e. 1.0 M HCOOH plus 1 M HCOONa
(7:3) mobile phase was identified as the most useful for the analysis of
heavy metal cations. This system was applied for identification and
separation of certain mctal cations from industrial wastewater and metal
hydroxide sludge samples. The results summarized in Table 6.5 clearly
demonstrate that the proposed method can be successfully applied for

identification and the scparation of Ni**, Cd*" and Ag* from their mixtures.
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Figure 6.2: Calibration Curves for Semiquantitative Determination of
Ni** and Pb**
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Table 6.5: Identification and Separation of Mixtures of Ni**, Cd** and Ag" from

Spiked Water and Heavy Metal Sludge Samples

Spiked/ Synthetic Sample Separation (Ry)
Ni2t ca Ag'
River water 0.84 0.45 0.00
Industrial wastewater 0.82 0.43 0.00

Sludge 0.83 0.46 0.00
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Summary

Chromatography of some metal cations has been performed on sil-
ica gel layers with micellar mobile phases containing sedium dode-
¢yl sulfate (SDS), an anionic surfactant. The effects on the mobility
of metal ions of SDS concentration, mobile phase pH, and the pres-
ence of amino acids (J-arginine, di-phenylalanine, I-tryptophan, and
I-histidine) in the mobile phase were examined. Although amino
acids caused diffusion (or tailing) of the metal ion spots, use of }-his-
tidine or I-tryptophan facilitates the analytically important separa-
tion of a mixture of Au*, Cu?, and Ag* ions. The TLC system com-
prising silica gel G as stationary phase and 0.01 m SDS (pH
2.3)-0.01 M I-tryptophan or l-histidine, 1 + 9, as mobile phase was
identified as the most suitable for the separation of mixtures of
Avu*, Cu?, and Ag'. The interference of impurities such as amines,
phenols, and inorganic anions on the mobility and separation of a
mixture of Au®, Cu*, and Ag"* jons was also examined. The lower
limit of detection of some metal ions, viz. Fe**, Cu?*, Zn?*, Cd*, and
Hg?* was determined. The proposed method has been used for iden-
tification and separation of Au¥, Cu?, and Ag* in a variety of
spiked samples.

1 Introduction

Mutual separation of copper (,;Cu), silver (,Ag), and gold
(;6Au), the elements of group IB of the periodic table, is analyt-
ically important because of their similar chemical properties.
These metals, with the general configuration (n — 1)d'’ns' have
a tendency to form complex salts in which the metal can be a
complex cation or a complex anion. Copper is associated with
sitver in copper glance (Cu,Ag),S ore and hence separation is
needed to isolate pure silver from the ore. The presence of silver

A. Mohammad and Y.H. Sirwal, Analytical Laboratory, Department of Applied
Chemistry, Faculty of Engineering and Technology, Aligarh Muslim University,
Aligarh-202002, India.
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ions has been found to reduce the rate of adsorption of Au**
from thiourea solution by activated carbon [1] and in other ways
also the presence of one metal in small quantities has deleteri-
ous effects on performance of other metals. Because of the
industrial, commercial, and medicinal importance of these met-
als, several analytical techniques have been developed for the
separation and determination of Au®*, Cu®, and Ag' from a
variety of matrixes. These include ion-exchange chromatogra-
phy [2, 3], potentiometry [4], capillary zone electrophoresis [5],
solvent extraction [6], single-sweep oscillopolarography [7],
ion pair-reversed-phase HPLC [8], size-exclusion chromatogra-
phy [9], titrimetry [10], reversed-phase column chromatogra-
phy [11], reflectance spectroscopy [12], flame or graphite fur-
nace atomic absorption spectrometry [13], laser-excited atomic
fluorescence spectroscopy [14], neutron activation analysis,
ion-pair [15, 16] and foam plastic [17] chromatography, in addi-
tion to hyphenated techniques, e.g. TLC-spectrophotometry
[18], solvent extraction—-AAS/FAAS [19], ICP-AES and
ICP-MS [20, 21}, and ion-exchange chromatography-photom-
etry {22]. lon chromatography of Au—cyanide complexes and
problems arising during analysis of gold by titrimetric and spec-
trophotometric methods have been reviewed [23, 24].

New materials, including chelate-forming plastics containing
amino-thiourea [25], VS-II anion-exchange fiber [26], ion-
exchange resin loaded with bismuthiol [27], silica gel-bound
thia-crown ethers [28], silica gel chemically modified with p-
dimethylaminobenzylidenerhodanine [29], chitosan treated
with dithiocarbamates [30], and nanofilter membrane [31] have
recently been developed and used for preconcentration and sep-
aration of gold, silver, and copper.

Among the analytical techniques used thin-layer chromatogra-
phy (TLC), which is inexpensive and versatile, is still popular
among analytical scientists, especially those working in India,
China, Japan, and European countries. As a result, TLC systems
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comprising ECTEOLA—cellulose and HCI + NaCl + H,0 for
separation of gold, platinum, and palladium from associated
base metals [32], chitin and aqueous buffer solutions for separa-
tion of Cu?* and Ag* [33], alumina and aqueous solutions of
both organic and inorganic acids and some sodium salts for
rapid separation of Au** from Te* and Se** [34], and silica gel
containing sodium or ammonium acetate and toluene for sepa-
ration of Cu?* complex from transition metal complexes [35]
have been reported.

The analytical techniques listed above have been successfully
used to separate Au’* from either Ag* or Cu?* but the work on the
mutual separation of these metal ions from their three-component
mixtures is lacking. As far as we are aware no reference is avail-
able on the separation of mixtures of Au*, Cu?*, and Ag*by TLC
with surfactant-containing mobile phases (or micellar mobile
phases). During our previous study [36] on the micellar thin-layer
chromatography of heavy metal cations we realized that micellar
mobile phases have unique separation capabilities and provide
unusual selectivity, enhanced detection sensitivity, and faster
analysis. The efficiency of micellar systems for the separation of
cations [37] and anions [38] has been reported and reviewed by
Okada [39]. Surprisingly, very little work seems to have been per-
formed on the use of micellar mobile phases in the TLC of inor-
ganic species [40, 41] and none of these studies has examined the
separation of metal cations. It was therefore decided to identify
novel micellar mobile phases enabling highly selective separa-
tions of metal cations. As a result, simultaneous separation of
Au*, Cu?, and Ag* from their mixtures has been achieved on sil-
ica layers by use of a buffered anionic micellar mobile phase with
added amino acids. The proposed TLC method is selective and
rapid, with development times averaging 5 min.

2 Experimental

2.1 Chemical Reagents and Samples

Silica gel G was from Merck (India), sodium dodecyl sulfate
from BDH (India), L-argir ine, L-histidine, DL-phenylalanine,
phenols, amines, and anions from CDH (India), and L-trypto-
phan from Loba-chemie (India). All reagents were of analytical-
reagent grade.

The metal cations studied were Fe*, Cu?', Ni%, Co?* UO,*,
VO, Cd?, Zn?, Ag', Pb?", TIY, Bi>*, Hg2", AP, Ti**, and Au*.
Aqueous test solutions (1.0%) were prepared from the nitrates
of Cd*, Zn?, Pb, TI*, Bi**, AP*, and Ag?, the chlorides of Ni%*,
Co?, Fe3, Hg?", Ti*", and Au®, and the sulfates of Cu?*, VO,
and UO,*. All the solutions were prepared in demineralized
water with a specific conductivity, K, of 2 x 10-6 ohm™! at 25°C.
To limit the extent of hydrolysis small quantities of the corre-
sponding acid were added to solutions of the nitrates of lead, sil-
ver, and bismuth and the chloride of mercury.

Solutions (1%) of anions were also prepared by dissolving the
sodium salts of NO,, NO,-, MoO,*, and PO,*; the potassium
salts of I, 10, 10,7, S,0¢, Fe(CN)¢>, and Fe(CN),*, and the
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ammonium salt of C,0,> in demineralized water. Aqueous
solutions (1%) of the potassium and ammonium salts of SCN-
were also prepared. Solutions (1%) of a variety of amines and
phenols were prepared in methanol.

2.1.1 Detection Reagents
The reagents used for detection of the cations were:

— 8 x 107 % (w/v) dithizone in carbon tetrachloride for detec-
tion of Cd%, Zn*, Ag*, Pb%, TI*, Bi**, and Hg?";

— aqueous potassium ferrocyanide for detection of Fe3*, Cu?',
U0,%, VO?, and Ti*;

- dimethylglyoxime for detection of Ni2* and Co?*;
~ aluminon for detection of Al**; and

— yellow ammonijum sulfide for detection of Au3*.

2.1.2 Preparation of Test Materials
The materials used in separation tests were:

— gold-plated printed-circuit board (GPCB; containing Au, Ni,
and Cu) from Toyama Electric, Bangalore, India;

— silver mirror scrap (SMS; containing Ag and Cu) and silver
mirror spent solution (SMSS; containing Ag and Cu), both from
Ship Mirror Industries, Bangalore, India;

— high-copper dental amalgam (HCDA; containing Ag, Hg, Cu,
Zn, and Sn) from the Dental College, A.M.U., Aligarh, India; and

— synthetic sterling silver scrap (SS; containing Ag and Cu).
Peeling

Peeling of silver mirror scrap (specimen surface area 19 cm?)
was performed with concentrated formic acid (90% w/w) in a
glass beaker. The acid was heated at 110°C and the scrap mate-
rial was added into it. On completion of peeling (within 1 min)
the solution was separated and the peeled material was used as
the ‘source material’ for silver.

Leaching

Leaching of silver mirror scrap (specimen surface area 19 cm?)
was performed with 50% nitric acid in a glass beaker. On com-
pletion of leaching (within 1 min) the solution was separated
from the leached residue and used for silver separation. A simi-
lar leaching procedure was used for other silver-containing
material (0.153 g sterling silver scrap and 0.25 g high-copper
dental amalgam).

Leaching of gold-plated printed-circuit board (specimen surface
area 72.42 cm? containing 16 large pins and 14 small pins) was
performed with aqua-regia in a glass beaker. On completion of
leaching the solution was separated from the residue and used
for gold separation,

2.2 Chromatography

Chromatography was performed on silica gel G with buffered
micellar mobile phases. The mobile phases and buffers used are
listed in Tables 1 and 2, respectively.
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Table 1
The mobile phases used.

Symbol  Composition

M, 0.001, 0.005, 0.01, or 0.05 M aqueous SDS

M, 0.001, 0.005, 0.01, or 0.05 M buffered SDS (pH 2.3)

M, 0.001, 0.005, 0.01, or 0.05 M buffered SDS
(pH 3.4,5.7,7.0, 0or 11.9)

M, 0.01 m SDS (pH 2.3)-0.01 M L-arginine
(1+9,3+7,5+5,7+3,0r9+1)

M; 0.01 m SDS (pH 2.3)-0.01 M pL-phenylalanine
(1+9,3+7,5+5,7+3,0r9+1)

M, 0.01 m SDS (pH 2.3)-0.01 M L-tryptophan
(1+93+7,5+5,7+3,0r9+1)

M, 0.01 m SDS (pH 2.3)}-0.01 M L-histidine
(1+9,3+7,5+5,7+3,0r9+1)

M, 0.001, 0.005, or 0.05 M SDS
(pH 2.3)-0.01 m L-arginine (9 + 1)

M, 0.01 m SDS (pH 2.3) + 0.001 M L-arginine,
pL-phenylalanine, L-tryptophan, or L-histidine
1+9,9+1)

Table 2

The buffer solutions used.

No. Components Volume ratio  pH
1 0.04 M Boric acid-0.04 M

phosphoric acid 50:50 2.3
2 0.02 M Boric acid-0.04 M

phosphoric acid-0.24 M NaOH 50:50:8 34
3 0.04 M Boric acid-0.04 M

phosphoric acid—0.24 M NaOH 50:50:10 5.7
4 ° 0.04 M Boric acid-0.04 M

phosphoric acid—0.24 M NaOH 50:50:14 7.0
5 0.04 M Boric acid-0.04 M

phosphoric acid-0.24 M NaOH 50:50:60 11.9

2.2.1 Preparation of TLC Plates

Silica gel plates were prepared by mixing the adsorbent with
doubly-distilled water in the ratio 1:3 (w/w). The resulting slur-
ry was shaken mechanically for 10 min then applied to well-
cleaned 20 cm x 3.5 cm glass plates by means of a Toshniwal
(India) TLC applicator to give layers approximately 0.25 mm
thick. The plates were dried in air at room temperature and then
activated by heating at 100 + 5°C for 1 h. After activation the
plates were stored in a desiccator.

2.2.2 Chromatography of the Individual Cations

Test solutions (approx. 10 pL) were applied by means of
micropipets approximately 2.0 cm above the lower edge of the
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plates. The spots were dried and the plates were developed, by
the one-dimensional ascending technique, in 24 cm x 6 cm glass
jars previously saturated with mobile phase vapor by equilibra-
tion for approximately 20 min. The development distance was
always 10 cm from the origin. After development the plates
were dried again and the cations were visualized as colored
spots by application of appropriate detection reagents, by means
of a glass sprayer. The cations were identified on the basis of
their R values, calculated from the R (R; of leading front) and
Ry (R of trailing front) of each spot. :

2.2.3 Chromatography of Mixtures of Copper, Silver, and Gold

Test solutions (10 uL) of mixtures of copper, silver, and gold
were spotted on the plates and chromatography was performed
with 0.01 M SDS (pH 2.3)-0.01 M L-tryptophan, 1 + 9, or 0.01 M
SDS (pH 2.3)-0.01 M L-histidine, 1 + 9, as mobile phase. The
resolved spots of these metal cations were observed on the
plates after spraying with chromogenic reagents. The Ry values
of Au*, Cu?*, and Ag* in their mixture were found to vary mar-
ginally from their individual R; values.

2.2.4 Interference

To investigate interference by inorganic anions, amines, and
phenols on the R; values of Au**, Cu?, and Ag*, an aliquot
{approx. 10 uL) of impurity solution was spotted with the mix-
ture (approx. 10 pL) of Au**, Cu?*, and Ag* and chromatogra-
phy was performed as described above. The spots were detect-
ed and the R values of separated metal ions were determined.

2.2.5 Limit of Detection

The limits of detection for identification of the cations were
determined by spotting different amounts of solutions of the
cations on the plates. The plates were then developed and the
spots detected as described above. The method was repeated
with successive reduction of the amounts of cations until the
spots could no longer be detected. The minimum amount of
cation that could be detected was taken as the limit of detection.

2.3 Applications

2.3.1 Chromatography of Unspiked Materials

Chromatography of leachate from unspiked dental amalgam
and from a printed circuit board was performed with 0.01 M
SDS (pH 2.3)-0.01 M L-histidine, 1 + 9, as mobile phase. Spots
of Ag', Hg¥, Zn*, Cu®, and Au** were detected and the R
value of each cation was determined.

2.3.2 Chromatography of Spiked Materials

Spiked samples of PCB, dental amalgam, and silver mirror
scrap leachate, silver mirror spent solutions, and sterling silver
were prepared as follows:

(i) PCB or dental amalgam solution (1 mL) was mixed with sil-
ver test solution (1%, 1 mL) and chromatography was per-
formed on 10 pL of the mixture.
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(ii) Gold solution (1 mL) was added to SMC, SMSS, or SS solu-
tion (1.0 mL of each) and the mixture (10 uL) was used for
chromatographic separation of Au*, Cu?, and Ag*. The spots
were identified from their respective Ry values.

3 Results and Discussion

The results of this study have been summarized in Figures 1-3
and Tables 3-8. The unique features of this study are:

(i) Selection of micellar mobile phases containing an anionic
surfactant, sodium dodecyl sulfate (SDS), which is negatively
charged and tends to attract positively charged species, includ-
ing metal cations.

(ii) Use of polar (arginine and histidine) and non-polar (pheny-
lalanine and tryptophan) amino acids as additives.

(iii) Separation of Au**, Cu®*, and Ag* from their mixtures and
investigation of the effects of phenols, cations, and anions on
the separation of mixtures of Au**, Cu?*, and Ag" ions.

(iv) Application of the method to the analysis of several real and
synthetic samples to determine the presence of gold, silver,
and/or copper.

3.1 Effect of the Concentration and pH of the SDS Solution

Results obtained by use of different concentrations of un-
buffered aqueous SDS (M,) and buffered SDS (M, and M;)
solutions reveal the following trends:

(i) The metal ions AI**, Ti**, VO, Fe¥, Cu¥, Zn®*, Pb*, Bi3*,
and UO,?* are either immobile (R, = 0.0) or only slightly mobile
(R = 0.05) at all concentrations and over entire the pH range of
SDS solutions. The mobility of Zn?* was slightly higher (R, =
0.30) when 0.05 m SDS solution of pH 2.3 was used as mobile
phase.

(ii) Badly tailing spots (R, — R, > 0.30) were obtained for Ni**,
Co?*, and TI' with all the mobile phases used except 0.01 M
SDS (pH 2.3). The mobility of these cations was higher when
pH 2.3 SDS solution was used as mobile phase than when the
SDS solution was buffered at pH 3.4, 5.7, 7.0, or 11.9.

(iil) Au** always migrated, as a well-formed spot, with the
mobile phase front (R; > 0.90) irrespective of the concentration
or pH of the SDS solution. It can, therefore, be selectively sep-
arated from binary mixtures of other metal ions.

(iv) The mobility of Cu?", Zn?*, Ag*, Bi**, and A" was margin-
ally increased by substitution of 0.001 or 0.005 M buffered SDS
(pH 2.3) with 0.01 or 0.05 m SDS (pH 2.3).

(v) The development time for 10 cm ascent was typically short
— 10 to 12 min for all the mobile phases used.

Metal ion R data obtained with buffered SDS (pH 2.3) contain-
ing different concentrations of SDS (mobile phase M,) are com-
pared in Figure 1. It is clearly apparent from this figure that the
mobility of the metal ions is barely affected by the concentra-
tion of SDS in the mobile phase.
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Figure 1

Effect of SDS concentration, at fixed pH, on the mobility of the metal cations.
Filled symbols indicate tailing spots.

3.2 Effect of Added Amino Acids

Because buffered and non-buffered micellar SDS solutions
resolved only a limited number of two-component mixtures of
the metal cations, it was decided to improve the separation effi-
ciency of the SDS mobile phase system. Several workers have
reported [42-46] improvement of the chromatographic efficien-
cy of micellar systems as a result of alteration of the micellar
properties of the mobile phase by use of organic and inorganic
additives such as alcohols, diols, dipolar aprotic solvents
(DMSO, dioxane), alkylnitriles, alkanes, urea, NaCl, and ace-
tone. It is surprising that no references are available on the use
of amino acids as additives in the micellar TLC of inorganic
species — because amino acids are amphiphilic substances their
use might provide unique selectivity in the separation of metal -
cations.

In this study mobile phases containing different concentrations
of amino acids (L-arginine, DL-phenylalanine, L-histidine, or L-
tryptophan) in buffered SDS (pH 2.3) were prepared by adding
0.01 M amino acid solutions to SDS solution (0.001-0.05 M) in
the volume ratios 1:1, 3:7,7:3, 9:1, and 1.9, always keeping the
total volume constant. Chromatography performed with these
mobile phases (M,~M,) revealed the following trends:

(i) Mobile phases M,-M, (3:7, 5:5, and 7:3) containing the
amino acids arginine, phenylalanine, tryptophan, or histidine at
concentrations of 30-70% resulted in tailing spots (R, — R >
0.3) for all the metal ions except AP*, Pb?*, and Fe*, which
remained at the point of application, and Au**, which moved
with the mobile phase front. The presence of amino acids in
SDS-containing mobile phases probably causes tailing of the
spots of metal cations because of competitive interactions
among cations, charged amino acid, and anionic SDS. Because
the experiments were performed at pH 2.3, the amino acids in
this study bear a net partial positive charge.

(if) With mobile phases containing either 10% SDS and 90%
amino acids (M,~M,, 1 + 9) or 90% SDS and 10% amino acids
(M~M., 9 + 1) for several of the cations spot tailing was
reduced compared with use of the mobile phases discussed
above in (i). The results are compared in Table 3. Better separa-
tion was obtained by use of mobile phases containing 10% SDS
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Table 3

R values of metal cations on silica gel G layers developed with micellar mobile phases containing buffered SDS (pH 2.3) and amino acids.

Metal 0.01 M SDS (pH 2.3)- 0.01 m SDS (pH 2.3)~ 0.01 M SDS (pH 2.3)- 0.01 M SDS (pH 2.3)-
ion 0.01 M L-arginine 0.01 M pL-phenylalanine 0.01 M L-tryptophan 0.01 M L-histidine

9+1 1+9 5+5 9+1 1+9 5+5 9+1 1+9 5+5 9+1 1+9 5+5
AP 0.05 0.05 0.10 0.14 0.05 0.00 0.00 0.00 0.00 0.10 0.00 0.11
Ti* 0.15 0.30T 0.25T 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20T
Vo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe¥* 0.08 0.07 0.10 0.00 0.25T 0.06 0.06 0.03 0.06 0.00 0.00 0.06
Co? 0.75 0.70 0.75 0.17T 0.58 0.22T 0.68 0.69 0.50T 0.57 0.55 0.78T
Ni?* 0.65T 0.50T 0.50T 0.17T 0.65 0.40T 0.80T 0.69 0.50T 0.57 0.52 0.80T
Cu? 0.47T 0.13 0.25 0.05 0.36T 0.15 0.55 0.68 0.29 0.18 0.57 0.25T
Zn?* 0.25T 0.12 0.20T 0.10 0.17 0.09 0.60 0.00 0.25T 0.17 0.05 0.22T
Agt 0.30T 0.23T 0.20T 0.00 0.05 0.15 0.35T 0.15 0.26T 0.16T 0.05 0.13
Cd? 0.35T 0.28T 0.30T 0.10 0.18 0.20T 0.17T 0.45T 0.45T 0.19 0.18 0.30T
Au*t 0.90 0.89 0.90 041T 0.90 0.70T 0.90 0.90 0.90 0.75 0.95 0.92
Hg** 0.43T 0.30T 0.22T 0.05 0.17T 0.27T 0.55T 0.45T 0.34T 0.25T 0.56 0.45
TI* 0.35T 0.25T 0.30T 0.35 0.2T 0.17T 0.20T 0.20T 0.15 0.43 0.25 0.30
Pb? 0.15 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bi** 0.25T 0.25T 0.25T  0.00 0.00 0.09 0.00 0.20T 0.19T 0.00 0.00 0.00
Vo, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T = tailing spot (R, — R; > 0.3)

Table 4

Separations achieved experimentally on silica gel G layers developed with different mobile phases.

Mobile phase

Separation (R x 100)?

0.01 M SDS in 2.3 pH buffer

0.01 M SDS (2.3 pH)-0.01 M DL-phenylalanine, 1 +9

0.01 M SDS (2.3 pH)0.01 M L-tryptophan, 1 + 9

0.01 M SDS (2.3 pH)-0.01 M L-histidine, 1 +9

Ni?* or Co?* (82)-AI* (10) or Ag* (16)

Ni** (82)-Fe, Hg¥, VO, Ti**, UO,, or Pb?* (0)
Co?* (82)-TI* (30) or Cd?* (32)

Au** (90)-Ag* (16)

Au* (90)-T1* (30) or Cd** (32)

TI* (30)-AL* (10)

Au** (92)-Zn?* (17) or Ag' (5)

Co? (80)-Zn* (17)

Ni* (80)-Ag" (05)

Co? (80)-Bi**, VO*, UO,*, or Pb* (0)

Au¥* (95)-Cu?* (65)-Ag* (5)

Au* (95)-Co?* (68)-Fe™* (0)

Au¥* (95)-Ni2* (68)-Zn2 or Pb?* (0)

Au* (95)-Cu?* (53)-Ag" (05)

At (95)-Cu?* (53)-Zn?* (05)

Au?* (95)-Cu?* (53)-Bi*, Fe¥*, VO*, UO,>, Ti** or AI** (0)

®The R values of metal ions in their mixtures are slightly different from their individual R values because of mutual interactions.
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(0.01 M, pH 2.3) plus 90% amino acids than with those contain-
ing 90% SDS (0.01 M, pH 2.3) plus 10% amino acids (0.01 m).

(iii) Despite our hopes, arginine (an aliphatic amino acid with a
side-chain containing a basic group), which has been used satis-
factorily for resolution of amino acid enantiomers by ligand-
exchange TLC [47], was found unsuitable for separating metal
cations. Similarly, use of phenylalanine (a non-cyclic aromatic
amino acid) led to unsatisfactory results. Heterocyclic aromatic
amino acids such as tryptophan and histidine were, however,
found to provide better-resolved spots of the metal cations. On
the basis of the results presented in Table 3 the suitability of
amino acids for separation of two- or three-component mixtures
of metal cations was in the order: L-histidine = L-tryptophan >
DL-phenylalanine > L-arginine Thus micellar mobile phases
containing heterocyclic amino acids such as L-tryptophan or L-
histidine proved superior to mobile phases containing aromatic
or aliphatic amino acids such as phenylalanine or arginine for
the separation of metal cations.

(iv) The mobile phase 0.01 M buffered SDS (pH 2.3)-0.01 M
histidine (M,) or tryptophan (M), 1 + 9, was found most suit-
able for separating mixtures of Au’*, Cu?*, and Ag' ions
(Table 4).

(v) When chromatography was performed with mobile phases
(M,), obtained by mixing 0.001 M, 0.005 M, or 0.05 M SDS (pH
2.3) with 0.01 M amino acid (L-arginine) in the ratio 9:1, less
tailed spots for Ni2*, Co?, slightly higher mobility for Cu?* and
TT*, and increased compactness for Zn?* and Cd** were observed
as the concentration of SDS in the mobile phase was increased.
The mobility of Fe*, Pb%, Bi**, Hg?, AP, Ti*, UO*, and
VO?* (R; = 0.0) and Av** (R, = 0.90), however, remained
unchanged over the entire SDS concentration range.

(vi) When 0.01 M amino acid in the mobile phases M,~M, was
substituted with 0.001 M amino acid little increase in the mobil-
ity of Cu?*, Fe**, Ni?*, Co?, Zn*, and TI* was noticed with
mobile phases containing L-arginine or DL-phenylalanine,
whereas the opposite trend (i.e. reduced mobility) was observed
for these metal ions when the mobile phase contained L-trypto-
phan. The mobility of the other metal ions was unchanged.
When L-histidine was used as mobile phase additive the mobil-
ity of all the metal ions was almost constant, irrespective of his-
tidine concentration (0.01 or 0.001 Mm).

To provide more information about the variation of the R, val-
ues of the metal ions as a function of the concentration of amino
acids in the mobile phase, a representative plot of R, against
the volume fraction of 0.01 M L-histidine was constructed
(Figure 2). The curves shown in this figure pass through maxi-
ma and minima which reveal that the R} values (or mobility) of
the metal cations vary without any regular pattern. This situa-
tion probably arose because of the occasional formation of tail-
ing spots as a result of multiple interactions.

Differences, AR, between R values obtained for the metal
cations by use of mobile phases M, 1 + 9, and M, 1 + 9, are
plotted in Figure 3, to show the net effect of changing the
microenvironment of the micellar mobile phase on the mobility
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Dependence of A, on the volume fraction of 0.01 m L-histidine. Filled symbols
indicate tailing spots.

of metal ions. It is clear from this figure that metal ions either
migrate faster (positive AR, value) or have the same mobility
(AR, values £0.05) when the micellar mobile phase contains
tryptophan (5- or 6-membered heterocyclic amino acid) rather
than histidine (5 membered heterocyclic amino acid). Thus the
mobility of the cations is enhanced by use of micellar mobile
phases containing an amino acid with a large non-polar side
chain (e.g. tryptophan) rather than an amino acid with a polar
side chain (e.g. histidine).

3.3 Separations

Results from separation of the metal ions on silica layers with
micellar systems in the presence and absence of amino acids are
listed in Table 4. To widen the applicability of the method the
separation of Au**, Cu?*, and Ag* was examined in the presence
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Ditferences, AR, between R; values obtained for the metal cations by use of
mobile phases M, 1 + 9, and M,, 1 + 9 (AR, = Ry 10— Ry g00)-

of organic (phenols, urea, thiourea) and inorganic (cationic and
anionic) impurities.

The results presented in Tables 5 and 6 indicate that the impuri-
ties have no effect on the mobilities of Au** and Ag* but that the
mobility of Cu?* is affected by the impurities — the R, of Cu?*
varied from 0.30 (o-nitrophenol impurity) to 0.60 (thiourea
impurity). Despite this the separation of Au*, Cu®*, and Ag*
from their mixtures was always possible. The poorest separa-

Table 5

Effect of organic and inorganic impurities (1% aqueous solutions) on
the separation of Au’+, Cu?, and Ag* on silica gel G layers developed
with 0.01 m SDS (2.3 pH)-0.01 m L-histidine, 1 + 9.

Impurity Separation (Rp)

Au¥ Cu? Agt
Urea 0.94 0.56 0.05
Thiourea 0.95 0.60 0.05
NaNO, 0.92 0.44 0.00
NaNO, 0.93 0.52 0.00
NaMoO, 0.94 0.44 0.00
NH,SCN 0.94 0.55 0.05
NaH, PO, 0.93 0.58 0.00
KIO, 0.92 0.50 0.05
KIO, 0.95 0.44 0.05
KI 0.95 0.55 0.05
K, Fe(CN), 0.93 0.52 0.00
K.Fe(CN), 0.95 0.52 0.05
KSCN 0.94 0.55 0.05
K,S,04 0.92 0.52T 0.00
Ammonium oxalate 0.95 0.52T 0.00

T = tailing spot (R — R; > 0.3)

Journal of Planar Chromatography

Table 6

Separation of Au¥, Cu®, and Ag* ions from their mixtures, in the
presence of phenolic compounds as impurities, on silica gel G layers
developed with 0.01 m SDS (2.3 pH)-0.01 m L-histidine, 1 + 9.

Impurity Separation (Ry)

Audt Cu? Ag*
Phenol 0.93 0.55 0.05
Phloroglucinol 0.95 0.56 0.06
Pyrogallol 0.94 0.51 0.00
m-Nitrophenol 0.96 0.50 0.00
o-Nitrophenol 0.96 0.30 0.00
p-Nitrophenol 0.95 0.53 0.05
Vanillin 0.95 0.57 0.05
Pyrocatechol 0.95 0.49 0.00
m-Hydroxyacetophenone  0.95 0.52 0.05
Gallic acid 0.95 0.56 0.05
Orcinol 0.93 0.35 0.00
Picric acid 0.96 0.59 0.05
Hydroquinone 0.95 0.55 0.05
Resorcinol 0.93 0.53 0.00
0-Cresol 0.96 0.55 0.05
m-Cresol 0.95 0.53 0.00
p-Cresol 0.92 0.45 0.05

tion was in the presence of K,S,0, and ammonium oxalate,
because of the formation of tailing of Cu?".

From the data listed in Table 6 it seems that the mobility of Cu?*
is affected by the position of substituent groups on the benzene
ring. For example, the order of the increase in the R, of Cu?*
(given in parentheses) in the presence of the o, m, and p isomers
of nitrophenols and cresols was:

o-nitrophenol (0.30) < m-nitrophenol (0.50) < p-nitrophenol
(0.53)

and
p-cresol (0.45) < m-cresol (0.53) < o-cresol (0.55).

This reversal of the order of the mobility of Cu?* can be attrib-
uted to the opposite effects of NO, (an electron-withdrawing
group) and CH, (an electron-releasing group) attached to ben-
zene ring. The AR, values (differences between the R;, values of
resolved spots from binary mixtures of metal cations) obtained
for Au*—Ag*, Au**~Cu?, and Cu®*—Ag" pairs on silica gel lay-
ers were 0.95, 0.30, and 0.65, respectively, when 0.01 M
SDS-0.01 M L-tryptophan, 1 + 9, was used as mobile phase and
0.95, 0.42, and 0.53, respectively, when 0.01 M SDS-0.01 M L-
histidine, 1 + 9, was used as mobile phase. From these data it
can be safely concluded that the SDS—tryptophan system is bet-
ter for resolving Cw** from Ag'(AR; = 0.65) whereas the
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Table 7

Mobility trends of metal cations on silica gel G layers developed with water, unmodified micellar mobile phases, and amino acid-containing

micellar mobile phases.

Metal ion Water 0.01 M SDS 0.01 M SDS 001 M 001 M 0.0l M 0.01 M
atpH 2.3 L-arginine DL-phenylalanine  L-tryptophan L-histidine
AP* 0.00 0.00 0.13 0.00 0.00 0.00 0.00
T4 0.40T 0.00 0.00 0.10 0.00 0.00 020T
vo* 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe’* 0.14 0.00 0.00 0.22 0.22T 0.08 0.12
Co¥ 0.30T 0.80T 0.85 0.40T 0.40T 0.19T 0.81T
Ni%* 0.50T 0.80T 0.85 0.45T 0.50T 0.20T 0.83T
Cu* 0.15 0.00 0.13 0.22 0.22T 0.14 0.12
Zn? 0.10 0.00 0.20 0.13 0.05 0.05 0.15
Agt 0.25T 0.15 0.15 0.30T 0.20T 0.30T 0.18T
Cd* 0.20T 0.14 0.40T 0.15 0.25T 0.17T 0.35T
Au** 0.90 0.88 0.92 0.85 0.75T 0.77T 0.85
Hg* 0.50T 0.05 0.00 0.50T 0.35T 0.50T 0.50T
TI* 0.20T 0.05 0.27 0.18T 0.18T 0.15T 0.25T
Pb?* 0.00 0.00 0.00 0.00 0.00 0.06 0.00
Bi* 0.40T 0.00 0.10 0.20T 0.15 0.00 0.25T
uo,* 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T = tailing spot (R, — R; > 0.3)

Table 8

Simultaneous separation of Au®*, Cu®, and Ag* from real and spiked samples on silica gel G layers with 0.01 m SDS (pH 2.3)-0.01 m L-histidine,

1 + 9, as mobile phase.

Sample Separation (Rp) Separation of ions added to spiked sample (R)
Auv* Cu?* Agt
High-copper dental amalgam Ag* (0.04)-Cu® (0.52) 091 0.52 0.05
Zn* (0.14)-Cu?* (0.52)
Ag* (0.0)-Hg (0.57)
Zn?* (0.09)-Hg* (0.55)
Printed circuit board Cu?* (0.52)- Au*t (0.91) 0.92 0.53 0.50
Silver mirror scrap Ag* (0.05)-Cu® (0.52) 0.92 0.52 0.05
Silver mirror spent solution Ag* (0.05)-Cu (0.53) 0.92 0.53 0.50
Sterling silver Ag' (0.05)-Cu (0.53) 091 0.52 0.05

SDS-histidine system is more useful for resolving Au** from
Cu?* (AR = 0.42). The detection limits [pg, in parentheses] for
Cu® (6.6), Ag* (1.6), Fe** (0.76), Zn?* (0.022), Cd** (0.038), and
Hg?* (0.029) enable highly sensitive detection of the heavy met-
als at trace levels — Zn?" and Hg?* down to 0.02 and 0.03 pug,
respectively, can easily be detected on TLC plates.
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The data presented in Table 7 clearly demonstrate that although
the unmodified mobile phases are of little practical utility for
separation purposes, buffered SDS (pH 2.3) combined with
amino acids (histidine or tryptophan) have enormous analytical
potential to facilitate analytically important separations of two-
component mixtures of cations.
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3.4 Applications

The proposed method has been successfully used for identifica-
tion and separation of Au**, Cu?, Ag*, Ni**, and Hg? from a
variety of matrixes. The results are summarized in Table 8.
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Densitometric Thin-Layer Chromatography of Polycyclic

Aromatic Sulfur Compounds
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Summary

Thin-layer chromatography has been used to separate a mixture of
sulfur pelynuclear aromatic hydrocarbons (S-PAH), heterocyclic
compounds with mutagenic and carcinogenic properties. S-PAH
were oxidized to give the sulfone derivatives and then S-PAH stap-
dards, their oxidized forms, and PAH were applied to silica gel and
RP-18 plates and developed in a horizontal chamber with diffevent
mobile phases. After chromatography the plates were observeq jn
UV light at A = 254 nm and scanned densitometrically at the s;‘ﬁle
wavelength. R, values were determined for the compounds. / '

1 Introduction

Aromatic sulfur compounds (e.g. thiaarenes, sulfur polynuclear
aromatic hydrocarbons) are heterocyclic compounds with antje-
strogenic, mutagenic, and carcinogenic properties [1-5]. Thi-
aarenes are ubiquitous in the environment, because of their ther-
mal and photochemical stability. Sulfur polynuclear aromatic
hydrocarbons (S-PAH) occur with PAH and enter the atmgg-
phere and then soil, water, and sludges mainly as a result of fye]
combustion [4, 6]. Because their concentrations are smaller than
those of PAH, and because many thiaarene isomers are possib]e,
their determination is very complicated [2] and is someties
omitted in complex analysis of environmental samples.

Determination of the heterocyclic sulfur compounds present in
mixtures obtained from natural and anthropogenic sources
involves two steps:

B. Janoszka, C. Dobosz, and D. Bodzek, Department of Chemistry, Faculty of
Medicine, Medical University of Silesia, Jordana 19, 41-808 Zabrze, Poland.
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— extraction of concentrates of sulfur compounds from those
mixtures; and

- se{aration of the extracted concentrates and qualitative and/or
quantitative determination of individual compounds.

/

The first step has been described elsewhere [7]. A variety of
chromatographic techniques has been used for the second step
[1-4, 6-8].

The aim of this work was selection of optimum conditions for
the densitometric thin-layer chromatographic analysis of select-
ed biologically active sulfur compounds that might be present in
environmental samples.

2 Experimental

2.1 Standards and Materials

The composition of the standard mixture of S-PAH used is
shown in Table 1. A standard mixture of PAH (Supelco No 4-
9156) containing naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
benzo(a)anthracene, chrysene, benzo(d)fluoranthene, benzo(k)-
fluoranthene, benzo(a)pyrene, benzo(a)anthracene, benzo(ghi)-
perylene, and indeno(123-cd)pyrene was also used. 3-Chlo-
roperbenzoic acid was from Fluka.

Chromatography was performed on 20 cm x 20 cm aluminum-
backed silica gel (Merck, Darmstadt, Germany) and RP-18
(Macherey-Nagel, Diiren, Germany) TLC plates. Methanol,
dichloromethane, chloroform, acetonitrile, acetone (POCh, Gli-
wice, Poland), pentane, n-hexane (Fluka), and redistilled deijon-
ized water were used as mobile phases.

Journal of Planar Chromatography
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for publication in "Acta Chromatographica” ("Nove! solvent system for the
separation of Cré+ from Cr3+ and associated heavy metal cations by
high-performance thin-layer chromatography") was reviewed and recommer
for publication in AC (No.13, 2003, to appear some time in mid-2003).

Formal acceptance letter will be airmailed to your postal address very soon.
Best regards, sincerely yours,

Teresa Kowalska
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Professor Teresa Kowalska

Institute of Chemistry

Silesian University

9, Szkoina Street

40 006 Katowice, POLAND

Office phone no.: (+48-32) 359-18-71

Home phone no.: (+48-32) 241-21-62

Cellular phone na : (0) 675-049
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