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Application of Thin-Layer Chromatography 
in Quantitative Inorganic Analysis and in 
Radiochemical Studies 

Margarita P. Volynets and Boris F: Myasoedov 
Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy 
of Sciences, Moscow 1 17975, Russia 

ABSTRACT: Thin-layer chromatography (TLC) or chromatography on planar beds finds many 
applications in the synthesis and determination of organic molecules. This review is devoted to 
an area of application at least as important but perhaps not as widely known - analysis of 
inorganic and radioactive substances. Information about the historical development, recent 
advances in both methodological and instrumental aspects and a scientometric analysis of the use 
of TLC for inorganic determinations in various fields is provided. Considerable space is devoted 
to description of the instrumental methods known to be successful in the determination of and 
quantitative estimation of inorganic TLC zones directly on the plate (densitometry, fluorimetry, 
radiometry, planimetry, visual methods, etc.) and after elution of the material from the developed 
zones. Methods applicable to most of the elements of the Periodic Table are summarized as are 
those for various natural and industrial samples including minerals, ores, rocks, waters, metals, 
salts, biological samples, botanical materials, foodstuffs, drugs and cosmetics. 

KEY WORDS: thin-layer chromatography, quantitative inorganic analysis, radiochemical methods. 

I. INTRODUCTION 

The determination of inorganic ions and 
inorganic complexes has many areas of im- 
portant application. The range is from min- 
erals to medicine and from plating solutions 
to nuclear surety materials. Food, drugs, 
cosmetics, water, and more are all examined 
for their major, minor, trace, and ultra-trace 
content of inorganic materials. The inorganic 
analyst has a virtual arsenal of tools to choose 
from for the final measurement step once the 
inorganic materials are isolated from the 
sample matrix. Each manipulation step in- 
troduces errors from material loss and ran- 
dom error in the process. The separate deter- 
mination of inorganic materials with very 
similar chemical properties is especially chal- 
lenging. As with all areas of analysis, the 
1040-8347/96/$.50 
0 1996 by CRC Press, Inc. 

critical step is a successful separation of the 
analytes one from each other and the matrix 
in which they occur. This paper presents a 
broad review of the development and appli- 
cation of a method which often permits both 
the separation and final determination in situ 
of the inorganic components of a sample. It 
is a method which permits the use of very 
small amounts of total sample and is appli- 
cable below the ppb range with proper pro- 
visions for detection of the separated com- 
ponents. The technique is a very common 
one - thin layer chromatography - but 
applied here to inorganic systems. 

Many advanced physical and physico- 
chemical methods of analysis are used for 
quantitative determination of organic and in- 
organic substances in various samples and 
liquid chromatography, including high-speed 
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chromatography using thin layers of sorbents 
(thin-layer chromatography, TLC), occupies 
a worthy place among these. This is very 
evident from the large number of the mono- 
graphs, and reviews published in recent 

Quite a number of theoretical pa- 
pers are in print which are directed specifi- 
cally to improving the performance of 
TLC.24-44 The general symmetry of the mo- 
bile phase (MP) movement and effect of MP 
composition on the distribution of eluted sub- 
stances are discussed in several works.28,35,36,38 
The factors affecting the shape and size of 
the chromatographic zones and conditions 
of the optimization of the process of ion 
separation by TLC have also been consid- 
ered.26~27,29~32 The possibilities of using the 
computational methods for the optimization 
of substance separation have been consid- 
ered but for the column, not the TLC, varia- 
tion of chrornat~graphy.~~,~~,~~~~ Theoretical 
investigations in the field of optical (and 
other) methods of substance detection of the 
chromatograms are well represented in sev- 
eral 

The use of TLC for inorganic analysis 
became one of directions for the develop- 
ment of this method in the last two to three 
d e ~ a d e s . ~ , ~ s ~ ~ - ~ ~  The objective of the prior 
r e v i e w ~ ~ ~ , ~ * - ~ ~  was to summarize studies on 
the quantitative estimation of the thin-layer 
chromatograms of inorganic ions. Among 
these, and of particular importance are the 
publications which contain information about 
the use of TLC for the qualitative and quan- 
titative analysis of inorganic ions in the pe- 
riods from 1960 to 1972,46 1972 to 1980,45 
and 1990 to 1994.58 The ways to estimate 
quantitatively thin-layer chromatograms by 
various highly sensitive physical and physi- 
cochemical methods are the focus of this 
review. Both direct methods and those in- 
volving the removal of the actual sorbent 
from the plates are discussed. Sources of 
error in the quantitative TLC, the accuracy 
and precision of the measurements, and the 
calibration procedures are likewise exam- 

ined. The use of instrumental techniques in 
the quantitative TLC, the detailed estimation 
of various physicochemical methods of de- 
tection, the fundamentals of the measure- 
ment procedures, and instrumentation were 
described in another m~nograph .~  In this 
review, specific applications of the various 
variations of TLC in the actual phases of 
quantitative inorganic analysis and in radio- 
chemistry will receive more attention. 

II. GENERAL CHARACTERISTIC OF 
THE TLC AND ITS IMPORTANCE 
FOR INORGANIC ANALYSIS AND 
FOR RADIOCHEMICAL STUDIES 

Special Features of Use of TLC in the Inor- 
ganic Analysis and in the Radiochemical 
Studies. The TLC methods introduced in 
1938 by the Soviet scientists Izmailov and 
ShraibeF have been used quite successfully 
in organic analyses.61-62 There were, how- 
ever, practically no examples of the use of 
this method for the analysis of samples of an 
inorganic nature in the first period of its 
development. The first paper on inorganic 
TLC analysis was published in 194963 and 
the next one appeared in 1960.64 A period of 
intense development and a dramatic increase 
in the number of publications on this subject 
took place in subsequent years. This effort 
and its successes made the method one of 
most promising in analytical chemistry. There 
were approximately 20 publications in 1965, 
but more than 60 to 70 papers were pub- 
lished each year beginning in 1967. At 
present, there are more than 1000 works in 
print in this application area. The method is 
widely used today in analytical chemistry 
and in radiochemical studies. Work on TLC 
of inorganic ions published before 1965 are 
summarized in the papeF5 where the poten- 
tials of the method were estimated in this 
field of analytical chemistry. The conclusion 
reached is that it is expedient to employ this 
method for the determination of trace 
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amounts of inorganic elements in combina- 
tion with other micromethods of separation 
and concentration. It was pointed out in pre- 
vious studies49 that the TLC makes it pos- 
sible to work with nanogram and microgram 
quantities of substances and provides abso- 
lute limits of detection at levels of lo-* to 

Fg. This sensitivity makes TLC compa- 
rable with such physical methods as atomic 
adsorption, mass spectrometry, X-ray fluo- 
rescence, etc. In addition, TLC is advanta- 
geous in comparison with these methods 
because of its simplicity, ease of use, and 
availability of the equipment needed. 

An application of new sorbents, varia- 
tion in performing the chromatographic pro- 
cess (ascending, descending, circular, 
anticircular, etc.), as well as some special 
procedures and techniques of work (two- 
dimensional development of chromatograms, 
gradient elution, repeat elution, application 
of electrical field, etc.) opened a wide range 
of possibilities of TLC in inorganic and ra- 
diochemical studies. 

The classical TLC method possesses a 
number of considerable advantages over 
some other versions of liquid chromatogra- 
phy (e.g., microcolumn chromatography, 
high performance TLC), among these are 
ease of operation and relatively low cost. 
Although while classical TLC is somewhat 
inferior to the above methods in limit of 
detection and in determination accuracy, TLC 
is more rapid (ca. tenfold) in comparison 
with paper chromatography and provides 10 
to 100 times lower determination limits. 
These analytical advantages of TLC make 
clear that it is both reasonable and expedient 
to employ it in inorganic analysis. Thin-layer 
chromatography can be used quite success- 
fully for separation of practically any mix- 
ture of cations and anions. The majority of 
publications is devoted to the separation and 
identification of cations including mostly all 
groups of the Periodic Table. This method is 
used also for solving such important prob- 
lems of analytical chemistry as separation of 

numerous anions and complexes, separation 
of some elements in different oxidation states, 
separation of groups of hardly separated el- 
ements inchding those of rare, rare-earth, 
actinide, and precious rnetal~.~ Thin-layer 
chromatography is not limited to practical 
problem-solving. An interesting field of the 
use of TLC is in solving some of the theo- 
retical problems in analytical and inorganic 
chemistry. The importance and perspective 
on the use of TLC for solving such problems 
is supported by the substantial number of 
publications devoted to the studies of forma- 
tion and stability of complexes, hydrolysis 
and polymerization of ions, as well as sorp- 
tion mechanism and kinetics. The theoreti- 
cal work has its impact on the practical since 
information obtained in such studies creates 
a basis for the development of reliable and 
reproducible methods for analysis of inor- 
ganic corn pound^.^^ 

Recently, TLC has been employed for 
solving various problems of radiochemistry, 
for example for determination of the oxida- 
tion states of actinides, etc. A combination 
of TLC with radiometric or radioactivation 
methods of detection enlarges the scope and 
promise of TLC and increases the sensitivity 
of the determination and performance esti- 
mation due to a fortunate, mutual augmenta- 
tion of the advantages of both techniques. 

Rational Fields of TLCApplication. The main 
trends in the development of TLC in the 
recent years are the areas of improvement of 
the instrumentation and automation, chang- 
ing to the quantitative analysis, theoretical 
substantiation of the ways for more effective 
TLC performance, and also the expansion of 
the domain of its practical employment. 

Taking into consideration the analytical 
potential of the method, the most promising 
areas for TLC application must be said to be 
in the analysis of inorganic materials and 
substances49 and, specifically, in the quanti- 
tative analysis of small samples (in combi- 
nation with the highly sensitive instrumental 
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methods of determination), and in rapid semi- 
quantitative testing. Inorganic TLC has been 
employed to date to solve: 

analyses of microsamples and small quan- 
tities of substances (minerals, inclusions, 
alloys of precious metals, toxic and radio- 
active substances) 
estimation of the purity of various prepa- 
rations (salts, reagents, etc.) with the im- 
purity content le4 to 
analytical control of technological pro- 
cesses (analyses of solutions, alloys, etc. 
in industry) 
semiquantitative waste water analysis 
obtaining reference samples of various 
substances (as a preparative version) 
investigation of the behavior of elements 
in different valence states and in different 
ionic forms 
rapid preliminary choice of the conditions 
for mixture separations in a column mode 
of chromatography 

Method Development. An analysis of the sci- 
entific and technical papers published over a 
considerable period demonstrates the 
progress in instrumentation and methodical 
development of the TLC method. It can be 
seen23*66 that some 2800 patents were regis- 
tered, and more than 200 papers published in 
Germany, the U.S., Japan, and the USSR 
from 1973 to 1987. These were all devoted 
to the development of sorbents, equipment, 
accessories for detection and quantitative 
determination of elements in chromato- 
graphic zones, methods and procedures of 
TLC experiments. The most promising re- 
cent developments are 

in the field of sorbents: obtaining of finely 
divided sorbents with particle size of 
5 to 10 mm including the modified ones 
possessing special properties and having 
narrow particle size dispersion; 
in the field of equipment: employment of 
automated apparatus for sample applica- 
tion and for detection of substances on the 
chromatograms; 

in the field of methodical versions: fulfill- 
ment of the TLC-process under pressure 
with the continuous flow of eluate, 
anticircular version of TLC, etc. 

The information about the state-of-the 
art for TLC and about trends in its develop- 
ment, elaboration of new sorbents and new 
processes for preparation of separating lay- 
ers, new equipment for TLC, and proce- 
dures, systems for detection, and quantita- 
tive determination of elements in the 
chromatographic zones were collected in the 
review66 and new equipment for quantitative 
TLC itself as d e ~ c r i b e d . ~ ~ - ~ ~  

Automation of the TLC Method. The number 
of publications discussing problems of auto- 
mation and computerization of chromato- 
graphic methods including TLC has increased 
rapidly in recent  year^.^^-'^ The principal 
directions of these studies are 

automation of the chromatographic pro- 
cess itself 
automation of the obtained data treatment 
database formation 

Each of the separate stages of the chromato- 
graphic method have been automated. Sam- 
pling and development is often the first di- 
rection (application of samples on a 
chromatographic plate including the use of 
laboratory robot systems,78 m ~ l t i p l e , ~ ~ - ~ *  or 
two-dimensional chr~matography*~-~~).  The 
computer-controlled radiometric scanning of 
p- and y-radiation emitters after their separa- 
tion on a thin layer is de~cribed.~~-~O The 
greatest number of the publications is de- 
voted to the automation of the process of 
densitometric and fluorimetric measurements 
of the developed chromat~grarn.~"~~ 

Placing and removing of thin-layer plates, 
sampling and application of samples, multi- 
dimensional separation, and repetitive elu- 
tion are discussed in literature. Also, consid- 
eration is being given to the problems of 
automation of obtaining derivatives of spec- 
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tra, high-speed microdensitometric scanning, 
spectral detection, and recording of radioac- 
tive corn pound^.^^ Nevertheless, there are 
many unsolved problems in the basic chal- 
lenge of TLC automation. 

When the first paper on constructing a 
database for TLC of inorganic ions was pub- 
l i ~ h e d , ~ ~  it was pointed out that there was no 
need to use expensive computers for the 
“cheap” TLC. To the contrary, the use of 
computers permits improvement in the sepa- 
ration process and the avoidance of system- 
atic errors. Employment of computers for 
calculation of concentrations of the compo- 
nents separated on thin-layer chromatograms 
decrease the RSD value of the results ca. 
twofold in compared to the graphical method 
routinely used. The analysis time can be re- 
duced by -30% as well. Considerable recent 
attention has been focused on the use of 
computers for TLC ~pt imizat ion.~~ The soft- 
ware is produced for computer calculations 
to optimize a mobile phase composition with 
the use of mathematical methods. 

Scientometric Analysis. The trends in scien- 
tific papers and patents published during a 
10-year period ending in 1987 were ana- 
lyzed earlier in the review. Conclusions were 
drawn about the tendencies in the TLC de- 
velopment, about leading countries and in- 
stitutions, patenting of the inventions in the 
field, frequency of the use of various tech- 
niques for quantitative estimation of thin- 
layer chromatograms, e t ~ . ~ ~  It was pointed 
out that the greatest number of scientific 
papers on TLC were published in Germany, 
Australia, India (ca. 20% in each), Russia, 
Japan, U.S., Great Britain, and Canada (ca. 
5 to 10% each). Moreover, TLC is widely 
employed in Sweden, Finland, Poland, Hun- 
gary, Netherlands, Spain, Israel, and other 
countries and is used most frequently in 
pharmacy, biology, and medicine. The analy- 
sis of foodstuff components is also carried 
out with the aid of TLC. 

In general, such trends in the develop- 
ment and use of TLC are still present in 

more recent years. The following list of lead- 
ing institutions dealing with the develop- 
ment and application of TLC based on pub- 
lished information are 

universities and institutions of higher edu- 
cation in Canada, Japan, Austria, India, 
Great Britain, Germany, U.S., Switzer- 
land, Yugoslavia, Russia, Poland, etc. 
(70% of publications) 
research centers in Pakistan, U.S., Great 
Britain, Switzerland, Netherlands, Ger- 
many, etc. (15% of publications) 
research institutes of the Academies of 
Sciences of Russia, Switzerland, Hungary, 
Germany, Spain, Finland, etc. (10% of 
publications) 
companies in Switzerland (Carnag), Ger- 
many (Merck), U.S. (Coca-Cola), etc. (5% 
of publications). 

Many of the developments are the sub- 
ject of active patents especially in the area of 
equipment. It is possible to point out the 
following groups of countries according to 
the number of the granted patents. First group: 
Germany, U.S., and Great Britain; second 
group: Japan, Switzerland, Russia, France; 
third group: Rumania and Poland. The dis- 
tribution of the patents over the patented 
subjects is following. The majority of pat- 
ents concern the instrumentation (U.S., Ger- 
many, Great Britain, etc.). Following, are 
patents on the sorbents (Germany, Russia, 
U.S., Japan, Great Britain, etc.). Finally, Ger- 
many, U S ,  and Great Britain are active in 
the patenting of new procedures and tech- 
niques. 

We can estimate approximately the fre- 
quency of use of various versions of TLC for 
quantitation by carrying out the analysis of 
the information published over the period 
from 1960 to 1990 on the quantitative TLC 
of the inorganic  substance^.^ The data on the 
percentage of publications concerning the 
combining of TLC with various techniques 
for the determination of inorganic ions in the 
chromatographic zones is presented below. 
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Method of determination 

Densitometry, spectrophotometry, reflectance spectrophotometry 
Fluorimetry 
Radiometry (including neutron-activation analysis) 
Visual techniques 
Planimetry 
X-ray fluorescence 
Mass spectrometry 
Ring-oven techniques 
IR spectrometry 
Electrochemistry 
Atomic emission 
Atomic absorption 
Other (photoacoustic, ESR, Raman spectroscopy etc.) 

% 

50 
11 
10 
5.5 
5 
3.5 
3.5 
3 
2 
2 
1 
1 
2-3 

Densitometry, fluorimetry, and radiom- 
etry are the prevailing techniques for the 
chromatogram quantitation. It is evident that 
the densitometry has become the most 
widely used technique in recent times. The 
frequency of its employment is approxi- 
mately constant beginning from 1970. Other 
spectroscopic techniques except densitom- 
etry and fluorimetry came into use only 
after 1973. Mass spectrometry and X-ray 
fluorescence are the most prevailing among 
those other methods. 

The data presented in Sections III and IV 
which follow make it clear that the range of 
the techniques for the quantitation of thin- 
layer chromatograms is sufficiently broad to 
provide a solution to a wide variety of prob- 
lems in inorganic analysis and radiochemi- 
cal investigations. 

111. BASIC FIELDS OF APPLICATION 
OF TLC IN RADIOCHEMICAL 
STUDIES 

It is common knowledge that measure- 
ment characteristics of TLC depend to a large 
extent on the techniques used for the detec- 
tion of the separated substances. In this con- 
nection, it is worthwhile to note that the 
employment of radiochemical methods is es- 

pecially promising especially because these 
methods are characterized by low detection 
limits and excellent resolution. There are 
two ways of combining TLC with radio- 
chemical methods: 

1. Separation of radioactive substances 
and direct determination of them on the 
plate. 
Separation of the investigated inactive 
substances and subsequent neutron-ac- 
tivation determination of them in chro- 
matographic zones. 

2. 

The quantitative measurement of the zone 
radioactivity can be carried out either after 
elution of the substances from the sorbent, 
or by scanning of zones and bands on the 
chromatograms using special instruments, 
and autoradiography, fluorography, and other 
techniques can be employed as well. Some 
examples of the use of TLC in radiochemi- 
cal studies are described in literature. There 
are examples of the use of TLC for investi- 
gations of the purity of the radioactive prepa- 
rations, for separation of fission products, 
for separation and isolation of trace and 
ultratrace amounts of radionuclides includ- 
ing separations in the analysis of natural and 
industrial objects (see Table 2). TLC has 
been actively used in recent years for study- 
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ing the chemistry of actinides including the 
determination of their oxidation states. The 
fields listed are discussed below in more 
details. 

Investigation of Radionuclides in DifSerent 
Oxidation States. TLC was successfully used 
for the study of disproportionation of Pu(N) 
in solutions of nitric and sulfuric acids.99 
This was possible because different valence 
forms of plutonium were distributed differ- 
ently on the chromatograms with the mobile 
phase system lMHClO, - Synthine solution 
of TBP (23%). The behavior of the pluto- 
nium forms of different valence states was at 
first investigated using TLC. The plutonium 
compounds were adsorbed on thin layers of 
silica gel from solutions in nitric, hydrochlo- 
ric, perchloric, and sulfuric acids in the con- 
centration range from 0.1 to 5.0 M.99 Opti- 
mum conditions for the separation of Pu(N) 
and PU(V1) from PU(II1) were chosen as 
follows: a silica gel layer on the plate is 
saturated with 3 M nitric acid; the mobile 
phase is the solution of TBP in Synthine 
(23%). h(N) and Pu(V1) are quantitatively 
concentrated in these conditions near the sol- 
vent front line. The same conditions were 
used to separate plutonium from uranium 
and other related elements. 

The chromatographic behavior of ameri- 
cium in different oxidation states was also 
investigated.Im Silufol and Merck chromato- 
graphic plates were used and the mobile 
phases were solutions of Ph4BP in isobutanol. 
The results obtained were used for the iden- 
tification of americium in different oxida- 
tion states in acetate solution containing 
potassium tungstophosphate as complex- 
forming reagent. These results made pos- 
sible the separation of 243Am from daughter 
239Np in nitric acid solutions. Solutions of 
di-Zethylhexyl phosphoric acid were also 
used as mobile phases.Io1 The use of Sorbfil 
plates (Ki-asnodar, Russia) with thin layers 
of silica gel was described for the identifica- 
tion of oxidation states of americium which 
were present in indicator concentrations in 

solutions of nitric acid of various concentra- 
tions.Io2 Conditions for the separation of 
americium from iron were found. 

TLC was also employed for the separa- 
tion of elements with very similar chemical 
properties in different oxidation states. Thus, 
in the workIo3 Pr(III) and Pr(1V) as well as 
Tb(III) and Tb(IV) were separated and de- 
tected with the aid of radioactive indicators 
143Pr and I%. The separation of Ce(III) 
from Ce(1V) and Eu(II) from Eu(m) was 
a c h i e ~ e d . ~ ~ J ~ ~  The separation efficiency was 
estimated using radioactive isotopes W e  
and 152-154E~. Low concentrations of inter- 
mediate oxidized forms of sulfur (SO,2-, 
S2032-, S,062-,  and S,062-)  were investigated 
with the aid of TLC. Such intermediates la- 
beled with radioactive isotopes were formed 
in the reactions of elemental sulfur with 
metal sulfides in aqueous medium. The 
zones were detected by autoradiography.lO6 
Hexahalogeno-complexes of trivalent and 
tetravalent iridium labeled with 921r were 
separated by TLC after neutron irradiation 
of aqueous solutions.107 

Estimation of Radiochemical Purity of Prepa- 
rations. TLC is a convenient technique for 
detecting trace impurities in radioactive phar- 
maceuticals. This method was used to esti- 
mate the radiochemical purity of 99mTc prepa- 
rations.lo8-Il0 Berthold BF-5300 y-countersIo8 
and a scanning instrumentlll were used for 
recording y-radiation on TLC plates. The 
traces of 90M0 in a commercially available 
pertechnetate were determined by TLC on 
MN-300 cellulose with butanol- 1 saturated 
with 1 M HCl as mobile phase.l1° A very 
good separation of molybdenum from tech- 
netium was achieved (R, values were 0.0 to 
0.2 and 0.7 to 1.0, respectively). In order to 
achieve rapid response to the need to control 
the radiochemical purity of the labeled xe- 
non trioxide using TLC, the concentrations 
of iodine compounds were quantitatively 
estimated employing a one hundred-channel 
amplitude pulse analyzer AI- 100- 1. The de- 
terminations of 133Xe03 and 131104 in zones 
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after separation were carried out by the mea- 
surements of y-spectra on the corresponding 
parts of chromatograms. A high-speed scan- 
ner, that simplifies considerably the mea- 
surement procedure, was described for the 
determination of 1251 on thin-layer plates when 
various amino acids were analyzed.l13 The 
determination of 1311 by scanning and auto- 
radiography was described for organic sub- 
stances used in medical diagnostics and 
therapy. l4  

Separation and Concentration of Radionu- 
clides in the Analysis of Various Samples. 
Separation of radionuclides by TLC has some 
advantages in comparison with column and 
paper chromatography. The technique is 
simple and permits to control the choice of 
most suitable eluants for separation of com- 
plex mixtures of radionuclides. It is most 
expedient to use TLC for the resolution the 
short-lived radionuclides. 

In recent years, TLC was actively used 
for isolation of actinides from solutions of 
complex composition characterized by high 
y- and p-activities, when it was desirable to 
work with minimum volumes of solution for 
safety, convenience, and rapidity.11s-117 For 
example, the technique makes it possible to 
isolate rapidly (in 25 min) and efficiently 
234Th (decay product) from small amounts of 
uranyl nitrate using a mixture of solvents 
consisting of diethyl ether, water, and TF3P.l l6 

A separation of ,*Cl, 35S,  and 3sP formed 
after neutron irradiation of NH4Cl is de- 
scribed. These radionuclides were identified 
by their half-life periods, and their amounts 
on the chromatograms were determined ra- 
diometrically.1*6 Some examples of TLC 
separation of two- and multicomponent mix- 
tures of radioactive substances without car- 
riers are presented. 15-* l7 The separation 
of the following radionuclides are of con- 
siderable current use in radiochemical stud- 
ies: 140Ba - l40La, 133Ba - 133Cs, 47Ca - 47Sc, 
90Sr - w y ,  72Zn - 72Ga 95m - 182Ta, 95Zr - 

95Nb, etc. The detection of the individual 
elements was carried out radiometrically in 

an automatic mode. TLC was used for the 
separation of Sn2+, Sb3+, and Te0,2- in the 
investigation of the decay chain lZ5Sn 
Iz5Sb 3 lz5Te. The radioactivity of the sepa- 
rated substances was determined by a Gei- 
ger-Muller counter, and the radiochemical 
purity of the isolated elements was estimated 
y-spectrometrically. 11* The isotope 1 2 5 T ~  was 
isolated without carrier. 

The use of TLC on Kieselgel MNS-HR 
for the separation of the daughter 113mIn from 
the parent radionuclide l13Sn is kn0wn.119 

Partition TLC has been applied success- 
fully for inorganic ions. Plutonium can be 
isolated from the complex mixtures consist- 
ing of U, rare earths, Cu, Cr, Ni, Pb, Fe, and 
Zn.% This separation is performed using 3 M 
HNO, - Synthine solution of TBP (23%) 
using a single chromatographic run on thin 
layer of silica gel impregnated in part with 
3 M HNO, and also with 1 M HC10,. Thus, 
separated plutonium was further determined 
on the plate radiometrically with RSD = 10 
to 15%. The analysis time is 60 to 90 min, 
and the volume of the analyzed solution was 
0.03 mL. Conditions were found for the sepa- 
ration of Am(II1) from Pb, Ni, Fe, and partly 
from U and La using the system nitrate so- 
lution - silica gel with tri-n-octylamine.120 
The maximum concentration of Am(III) in 
the upper chromatogram zones can be 
achieved when the layer is saturated with 4 
M solution of LiNO, (the initial solution 
contained 7.2 Mof LiNO,). The mobile phase 
was 0.1 to 0.2 M cyclohexane solution of 
TOA equilibrated with 7.2 M LiNO,. The 
americium determination in the concentrated 
zones was camed out radiometrically with 
RSD = 5 to 7%. 

Selective separation of uranium from a 
possibly large number of other ions is very 
important in the work with uranium ores or 
irradiated nuclear fuel. It is not surprising, 
therefore, that several publications on TLC 
are devoted to such separa t i~ns . '~ l - l~~  The 
efficient separation of uranium from 55 cat- 
ions (including the most important decay 
products) is achieved with layers of silica 
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gel or cellulose in the analysis of uranium- 
containing minerals.123 The mobile solution 
was a mixture of hexane and TBP saturated 
with 4.7 M HNO,. The isolated uranium was 
determined on the sorbent by neutron activa- 
tion analysis. The 239Np content that was 
measured by y-spectrometry. Triisooctyl- 
amine was successfully employed as mobile 
phase for the separation of uranium from 
Mo, Co, Ni, Zr, Th, and other elements.124 
The separation of uranium from Th, Zr, and 
rare earths is also described.126 

Ascending TLC on silica gel with the 
use of the mixture TBP - benzene (1: 1) as 
mobile phase was employed for the separa- 
tion of U from Pu(IV) and transplutonium 
elements at the concentration ratios U:Pu = 
500: 1 and U:Am = 20 000: 1. 121 The volume 
of initial 1 M solution of these elements in 
HCIO, was 0.02 mL. The possibility of the 
separation of plutonium from transplutonium 
elements with 1 M HNO, was demonstrated 
in the same work. The mixture TBP - ben- 
zene (1:lO) was used as mobile phase. The 
conditions for the separation of Ac, Ra, Th, 
Pu(IV), Am, U022+, Pb, and Bi are re- 
ported.lZ7 The separation of U, Np, h, and 
Am is d e ~ c r i b e d . ~ ~ * , I ~ ~  

Recently the use of TLC became popu- 
lar for the analyses of environmental samples. 
A method for strontium determination in soils 
is proposed that includes the selective ex- 
traction with dicyclohexano-18-crown-6 in 
chloroform, application of the extract on a 
thin-layer plate and separation of the radio- 
isotopes of strontium and yttrium using cir- 
cular TLC.130 This method makes it possible 
to determine separately 89Sr and 90Sr. The 
chemical yield of strontium exceeds 90%. 
The detection limit is about 0.5 BWg, with 
an RSD of about 2 to 5%. The proposed 
method is rapid enough (the whole proce- 
dure takes 3 to 4 h) and easy to carry out 
compared to other methods. The reproduc- 
ibility of the results is adequate for the re- 
quirement. A method is known of the sepa- 
ration of the 90Sr from the daughter yttrium 
on silica gel or cellulose treated with cal- 

cium oxalate. The determination of 90Sr in 
water and milk can be carried out by mea- 
surements of the radioactivity of the sepa- 
rated elements with the aid of a computer- 
ized multichannel analyzer. 131 

Radioactive isotopes are used to observe 
the development of TLC separation of non- 
radioactive elements. The distribution of mix- 
ture components on chromatograms can be 
studied by use of radioactive isotopes whose 
radiation is measured by radiometry and 
autoradiography. Such investigations were 
carried out in the works.104J32-136 

Neutron activation with subsequent 
y-spectrometry is employed for the determi- 
nation of some nonradioactive elements af- 
ter isolation by TLC. For example, a simple 
method was developed for preconcentration 
of rare earths by TLC on Fixion 50 x 8 plates 
using ammonia solutions of oxalic acid and 
ammonia chloride as eluants. Subsequent 
y-spectrometric analysis of the irradiated con- 
centrates was carried out.137 Using this 
method, it is possible to determine 8 to 9 rare 
earths elements in samples of rocks with 
masses up to 30 mg. The limits of detection 
are from 0.05 to 0.4 pg for Eu, Sm, Tb, Yb, 
and La or from 1 to 10 pg for Tu, Ce, and 
Nd. The RSD values are equal to 5 to 20% 
for 5-  to 10-fold higher concentrations than 
the limits of detection. 

The more detailed information on the 
quantitative determination of individual ele- 
ments in chromatographic zones using 
nuclear-physical methods is presented in 
Section IV.A.2 (see Table 2). 

IV. TLC IN QUANTITATIVE 
ANALYSIS OF INORGANIC 
MATERIALS 

A. Combination of TLC with Various 
Methods of Determination 

1. Optical Methods 

Spectroscopic methods of ion determi- 
nation in the chromatographic zones are 
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widely used in the analysis of inorganic sub- 
stances. Densitometry and fluorimetry are 
most widely applied spectroscopic methods 
in siru determination of elements. Fluorim- 
etry is comparable with for densitometry in 
the time of analysis (2 min) but surpasses it 
in the detection limit by lo3 to 104 times (lo4 
to 10-l and 1 0 - I  to 10 pg, respectively). The 
reproducibility of optical scanning in fluo- 
rescence measurements is 1.5 to 2 times bet- 
ter than the reproducibility of measurements 
of the radiation absorption. X-ray fluores- 
cence and photothermal spectrometry are also 
employed for in situ analysis. It is possible 
as well to determine elements reliably and 
quantitatively, after removal from a plate, 
the portion of sorbent containing the sub- 
stance to be determined (but without its elu- 
tion) using reflectance spectroscopy, atomic 
absorption and emission spectrometry, in- 
frared and mass spectrometry, X-ray fluo- 
rescence analysis. 

Spectrophotometric (colorimetric) deter- 
mination of elements in the zones requires 
eluting the substance to be determined from 
the sorbent. The ring-oven method (with 
visual detection) can also be placed in this 
group of methods. Physical and physico- 
chemical methods of determination such as 
infrared and mass spectrometry, radiometry, 
polarography, etc., can also be employed 
after elution. The domain of the use of the 
elution technique is rather large. It includes 
the determination of various elements (in- 
cluding alkali, alkaline-earths, heavy, noble, 
and rare ones) using different detection meth- 
ods. Various vacuuming devices are recom- 
mended’38J39 for the removal of sorbent from 
the plate and its transfer into the vessel for 
elution. It is possible to remove the sorbent 
from TLC systems with the use of the auto- 
mated devices which are most often used for 
the analysis of radioactive s u b ~ t a n c e s . ~ ~ ~ J ~ ~  
The method for the extraction of the sub- 
stances under determination with the use of 
solvents is discu~sed.~ The analyzed sub- 
stances can be transferred onto solid sup- 
ports before determination, e.g., in the method 

of ring-oven colorimetry 142 and in the meth- 
ods described143J44 in which the substance is 
transferred from the sorbent layer onto a 
intermediate porous carrier (filter paper, 
potassium bromide). The devices for sub- 
stance elution from chromatograms are de- 
scribed 

Densitometry and Reflectance Spectroscopy. 
The theory of quantitative densitometric 
determination of substances on thin-layer 
chromatograms and some peculiarities of 
using different densitometers are discussed. 146 

It is shown147 that the processes of light trans- 
mission through thin dispersing and absorb- 
ing layers of sorbent can be best of all de- 
scribed by the discrete step model. A review 
on the methods for quantitative photometry 
of thin-layer chromatograms for research 
purposes and routine analyses was pub- 
1 i ~ h e d . l ~ ~ ”  Methods for direct determination 
of micro- and nanogram quantities of sub- 
stances on chromatograms by reflectance 
spectrometry are discussed in the review.147b 
The are devoted to the problems 
of sensitivity enhancement in densitometric 
determinations. Instrumentation and systems 
for optical scanning of chromatograms are 
described in previously published pa- 
p e r ~ . ~ ~ ~ - * ~ ~  A device was described for the 
correction of the results of densitometric mea- 
surements of light absorption by colored spots 
on chromatograms. The light scattering ef- 
fect was employed for such  correction^.'^^ 
The modem densitometric technique for the 
determination of substances in chromato- 
graphic zones is comparable in its capabili- 
ties with radiochemical methods. However, 
the former is less time consuming and more 
safe and is why this technique is widely 
used. 168-170 Direct densitometry possesses 
some advantages over other techniques em- 
ploying elution or zone removal (for ex- 
ample, before quantification by reflectance 
spectroscopy) because the use of these tech- 
niques may lead to losses or contaminations 
of separated substances. The results of in 
situ measurements depend on a number of 
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factors which are not taken into account in 
the photometry of solutions: nature of the 
layer, its thickness, and humidity, presence 
of contaminants, composition of the solvent 
system used, mobile phase flow rate, accu- 
racy of sampling, dimensions of the start 
zone, direction of scanning, etc. One of the 
problems of this method is the necessity to 
provide starting zones uniform in their 
shape and dimensions. The results of quanti- 
tative estimation of thin-layer chromatograms 
by densitometry and planimetry can be af- 
fected by the type of sorbent, its specific 
surface and microporosity, uniformity and 
thickness of the layer, particle size and pore 
size, e t ~ . ~ ~ ~ - ~ ~ ~  

Spectrometric scanning of zones on chro- 
matographic plates is usually carried out in 
one direction with the use of special instru- 
ments. It provides a reproducibility of about 
2%. Spot scanning in both forward and re- 
verse directions provides better compensa- 
tion of background fluctuations. Careful and 
proper selection of the necessary wavelength 
for scanning, which depends on the R, value, 
it is possible to provide faster and more re- 
producible meas~rernents.'~~ More precise 
estimation of thin-layer chromatograms can 
be achieved with the use of scanning by the 
zigzag technique at two wavelengths. 178~179 

This scanning technique with the computer 
control of zone position, including the use of 
the devices for automatic sample application 
in the shape of a band, is discussed.59a A 
method of optical scanning with subsequent 
mathematical data treatment was success- 
fully used in a microvariant of TLC.191 

Several factors (instrumental drift, inte- 
grator linearity, scanning speed, etc.) were 
investigated which affect the reliability of 
element determination by direct densi tomet- 
ric measurements,lgOJgl for example, in the 
zinc determination on layers of cellulose MN 
300 HR. The error of the determination re- 
sults depends also on the linearity of the 
calibration plots.lg2 It was notedls3 that the 
calibration plots for measurement of spot 
color on thin-layer chromatograms using the 

light-transmission technique can be described 
by linear equations providing that there is no 
supersaturation of spots with the substance. 
A linear form of the Kubelka-Munk equa- 
tion was derived for the quantitative photo- 
metric determination of substances on thin- 
layer chroma tog ram^.^^^ It was possible to 
obtain a calibration plot which was linear 
and independent of the solvent nature in a 
wide concentration range when an automated 
function transformer was used for simulta- 
neous measurements of light transmission 
and reflectance.lg5 A linear detecting system 
was designed, and the advantage of the two- 
dimensional technique of integration over 
the unidimensional one, was demonstrated.186 
A comparative study was carried out of the 
most widely used methods of mathematical 
treatment of densitometric measurements to 
estimate the linearity of Bouguer-Lambert- 
Beer law, Kubelka-Munk function, Trailer 
equation, etc. lg7,1g8 A technique is proposed 
for selecting and optimizing the working 
parameters of a Shimadzu C-900 scanning 
densitometer operating in the transition mode 
for recording chromatograms obtained by 
high performance TL,C.lS9 It was shown190 
that the application of a new approach to the 
quantitative densitometric estimation of thin- 
layer chromatograms made the analysis easier 
and faster. This new approach includes re- 
cording of the first and second derivatives. 
In addition to the instrument, an electronic 
set-up for the determination of the fourth 
derivatives enlarged the potentialities of the 
method, especially in the determination of 
unresolved components. 

The densitometric technique was applied 
to determine the following elements on 
the chromatograms: alkali and alkaline 
 earth^,^^^,^^^ n ~ b l e , ~ ~ ~ - ~ ~ ~  rare,196 heavy 

m e n t ~ , ~ ~ ~ - ~ ~ ~  and anions.214216 The more de- 
tailed information on the conditions for the 
determinations of various elements can be 
found.4 The following materials were ana- 
lyzed by means of a combination of TLC 
with a densitometric technique: waste wa- 

elements,21a,170,171.'92.'97-210 various ele- 
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magnetic fraction of interplanetary dust 
particles,206 monazite,217 mo1asses,216 etc. 

Reflectance spectroscopy is applicable 
to the determination of substances both di- 
rectly on the chromatogram and after zone 
removal from the plate. When a thin-layer 
chromatogram is estimated in siru by reflec- 
tance spectrophotometry, the total error de- 
pends on the following factors: 

inaccuracy of sample application onto the 
plate 
inaccuracy of plate position in relation to 
the light beam center 
inaccuracy of the measurement itself 
the real peak height on the chromatogram 

That is why all the procedures of the chro- 
matographic process and measurement 
should be standardized to obtain as repro- 
ducible results as possible. When such con- 
ditions are satisfied, it is possible to achieve 
the RSD value 1 to 5% or 4 to 6% for par- 
allel determinations of substances on the 
same chromatogram or on different chro- 
matograms, respectively. When reflectance 
spectrometry is used after the removal of a 
spot from the plate and placing the sorbent 
into the spectrometer cap the separation of 
elements is usually carried out on thin layers 
of cellulose or silica gel. After detecting the 
element with suitable visualizing reagent, 
the layer containing the spot is scrapped from 
the plate, pulverized thoroughly in a agate 
mortar till a uniform mass is obtained, and 
placed into the reflectance cell of the spec- 
trophotometer. It is possible to determine in 
such a way the amounts of substances from 
few hundredth to 10 pg with the RSD 2 to 
6%.218-222 In our opinion, reflectance spec- 
trometry offers no special advantages in 
comparison with direct densitometry. More- 
over, particular care has to be taken to avoid 
losses when the sorbent is taken off the plate 
and pulverized. Reflectance spectrometry 
was used for the determination of Ni, Cu, 
Zn, Co, Al, Be, Cd, Cr, Fe, Pb, Mn, Hg, Ag, 
Sn (see Reference 4, p. 49-54), and other 

elements.223 The advantages and drawbacks 
of optical measurements in transmitted and 
reflected light are discussed, and a conclu- 
sion was drawn that the reflectance tech- 
nique is less sensitive to the optical noises 
than the transmission 0ne.224.225 

Fluorirnetry. Fluonmetric methods for the 
quantitative estimation of thn-layer chro- 
matograms are based on the measurements 
of the fluorescence intensity or the degree of 
its quenching which depend on the quantity 
of the substance in the chromatographic zone. 
The radiation with a wavelength of the ini- 
tial exciting one is measured displaying a 
principal difference of fluorescence meth- 
ods from densitometric ones. The fluores- 
cence of separated substances is usually ex- 
cited with electromagnetic radiation at a 
corresponding wavelength. The technique 
based on measuring the intensity of fluores- 
cence is most extensively employed. The 
reason is that the quenching technique can- 
not meet many requirements of quantitative 
detection. Photometric measurements of fluo- 
rescence are performed both in a transmis- 
sion mode (the measurements on the oppo- 
site side from the radiation source) and in a 
reflectance mode. It is shown theoretically 
and confirmed experimentally that the fluo- 
rescence measurements are more preferably 
performed on the side of irradiation. The 
reason is that on the opposite side the radia- 
tion is considerably less intensive.226 The 
intensity of excited fluorescence is propor- 
tional to the substance concentration taking 
into account its fluorescence coefficient. A 
two-point calibration technique is de- 

for fluorescence scanning densito- 
metry in high-performance TLC. 

The results of the quantitative detection 
of substances by the fluorescence techniques 
and their comparison with the densitometric 
methods was d iscu~sed .~  Nonuniform distri- 
bution of the substances to be determined 
along the thickness of the sorbent layer and 
the influence of the size of the chromato- 
graphic zones on the sensitivity of the fluo- 
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rimetric methods were taken into consider- 
ation. The limits of detection are mainly 
dependent on the background noise. A low 
level of noise is the basic advantage of the 
fluorimetric techniques. It was demon- 

that the optical scanning on the 
basis of fluorescence measurement was usu- 
ally characterized by the reproducibility 1 to 
2%, a necessary amount of the substance of 
about 1CP to 10-I pg, and a time of analysis 
of about 2 min. A decrease of the limit of 
detection of substances can be achieved as a 
result of an enhancement of an fluorescence 
increase due to the increase of the initial 
radiation intensity, particularly, due to the 
employment of lasers as sources of radia- 
tion.229-231 In this case, there is no danger of 
the photolysis of the determined compounds. 
The instrumentation for the fluorometric de- 
tection of the separated substances is de- 
s ~ r i b e d . ~ . ~ ~ ~  

Some theoretical studies on the selection 
of the conditions for fluorimetric measure- 
ments and their mathematical description 
were made. 149.233,234 These papers contain also 
the comparison of the fluorimetric and den- 
sitometric techniques and the description of 
the corresponding i n s t r u m e n t a t i ~ n . ~ ~ ~ - ~ ~ ~  
Fluorimetric methods were applied to the 
determination alkali and alkaline earth ele- 
ments, 192,242 1ead,243,244 a l u m i n i ~ m , ~ ~ ~ * ~ ~ ~  iron, 
tungsten, titanium, germanium, arsenic, an- 
t i m ~ n y , ~ ~ ~  lead, bismuth, uranium, thorium, 
copper, cobalt, nickel, ~ a d m i u m , ~ ~ * , ~ ~ ~  noble 
metals,250 rare earth elements,251 and other 
elements252 in chromatographic zones. 

X-Ray Fluorescence. A new technique for 
the detection and identification of substances 
in chromatographic zones has been proposed, 
namely in situ X-ray fluorescence mi- 
croanalysis (XRFh4A).253-255 This technique 
requires no pretreatment. The plate is irradi- 
ated with a collimated beam of primary X- 
ray radiation with an energy 40 to 60 kV. 
The resulting characteristic spectrum of X- 
ray fluorescence is recorded to obtain quali- 
tative and quantitative information about the 

chemical composition of the individual chro- 
matographic zones. 

The proposed technique was used for the 
investigation of the sorption behavior of Ni, 
Co, Mo, Rb, and Y in solution with in their 
n x lo4 - 2 M solutions on thin layers of 
silica gel or an ion exchanger (Fixion 50 x 8). 
The standard error of the intensity measure- 
ments was mainly determined by the statis- 
tical error of the pulse counting. That is why 
the RSD value was not more than 3% for the 
chosen time interval (40 to 100 s) providing 
a set of not less than 1000 counts per point. 
The repetitive scanning of the concentration 
curves makes it possible to decrease the RSD 
value by 1.5 to 2 times since in XRMFA the 
samples are not destroyed . The scanning 
was performed using X-ray fluorescence 
m i ~ r o a n a l y z e r . ~ ~ ~  The main field of applica- 
tion of this new method is the determination 
of inorganic and organoelement compounds. 
In principle, all the elements of the Periodic 
Table beginning from lithium ( Z  = 3) can be 
determined. The described technique is char- 
acterized by a high selectivity since every 
element can be determined on the chromato- 
gram independently of the presence of any 
other elements. The limit of detection is 10- 

to 10-lo pg of a substance. The local reso- 
lution of this technique is characterized by 
the least possible diameter of the analyzed 
zone (0.1 to 1.0 mm). It makes possible to 
determine nanogram and microgram amounts 
of substances in the zones of small diameter 
(with the area up to 1 mm2). The combina- 
tion of TLC and XRFMA expands the capa- 
bilities of in situ analysis as compared with 
other similar techniques. It makes possible: 

an increase in the number of analyzed 
samples and the number of determined 
elements 
permits quantitative estimation of the ra- 
tio of the various forms of the same ele- 
ment (differing in their oxidation states 
or in other qualities) after their separa- 
tion (when the transformation kinetics is 
slow) 
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makes possible a determination of the 
completeness of the chromatographic 
separation of elements 
permits to investigate the patterns of ele- 
ment distribution not only along the whole 
chromatogram but in each individual zone 
as well 

Thus, the new “hyphenated” technique pro- 
posed can be used to solve analytical prob- 
lems which cannot be solved separately ei- 
ther by chromatography (e.g., in case of 
incomplete separation of two or more com- 
pounds every of which differs qualitatively 
from the others by the presence of at least 
one element) or by XRFMA (e.g., when it is 
necessary to determine different ionic forms 
of the same element). The technique of com- 
bining TLC and XRFMA is an almost uni- 
versal one. It can be used, in particular, for 
the investigation of planar chromatograms 
on any support (glass, polymeric film, alu- 
minum foil). The support does not affect the 
results of analysis since the background due 
to the sorption layer and to the support is 
taken into account in the determination of 
element concentration from the X-ray lines. 

The technique of X-ray local fluores- 
cence scanning of thin-layer chromatograms 
could find widespread application in the 
analysis of naturaI and industrial micro- 
samples and small amounts of substances 
(e.g., minerals, microocclusions, materials 
for radioelectronics and semiconductor in- 
dustry, precious and toxic elements, etc.). It 
may be of interest to apply this technique to 
the investigation of complex formation, be- 
havior of elements of different oxidation 
states and different composition. Maximum 
local resolutions were achieved in the physi- 
cochemical investigations of the systems 
sorbent (ion-exchange resin) and solution 
(rubidium chlorides and nitrates, hydrochlo- 
ric acid). The aim of this study was to calcu- 
late various parameters of a chromatographic 
system from the experimental data on the 
distribution of substance in the chromato- 
graphic zone. In particular, the porosity of 

sorbent and the exchange constants for ru- 
bidium and hydrogen ions were calcu- 
lated.255 

The procedure of pressing a part of sor- 
bent containing the determined substance into 
disks of about 30 mm in diameter with sub- 
sequent direct measurement is recommended 
for the quantitative determination of total 
amount of the component in the chromato- 
graphic zone. Such a procedure permits usu- 
ally to obtain the RSD 10 to 2O%.25’ 

The analysis of zones containing micro- 
gram amounts of different phosphates after 
their separation by TLC was carried out by 
X-ray emission spectroscopy258 and heavy 
metals (In, TL, Sn, Pb, Bi, Os, Ir, Ru) were 
detected on thin-layer chromatogram in the 
form of 8-mercaptochinoline or 1 -hydroxy- 
2-pyridinethione complexes.259 An X-ray 
fluorescence scanner for thin-layer chromato- 
grams has been described.260 The instrument 
was used for the determination of phospho- 
rus, sulfur, chlorine and iodine with the limit 
of detection about 2 pg. The microanalysis 
of thin layers of Ti and PbSnTe on a silicon 
base from X-ray radiation arising after sample 
irradiation by electrons was carried out.261 

Atomic Absorption Spectrometry. Atomic 
absorption spectrometry (AAS) was proposed 
as a techruque for the detection and identifi- 
cation of the chromatographc zones.262 How- 
ever, so far AAS was relatively seldom 
employed in combination with TLC. The 
technique was mainly used for the determi- 
nation of noble rare,266 and 
heavy elements.267 

Atomic Emission Spectroscopy. Atomic emis- 
sion spectroscopy (AES) is easily combined 
with TLC. A powdered sorbent containing 
the component under determination can be 
directly introduced into the arc ionization 
source after removal from the corresponding 
part of chromatogram. Cellulose is most of- 
ten used as sorbent since it bums without 
sputtering. The examples of the application 
of TLC-AES combinations are not numerous. 
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AES was used for the determination in 
the chromatographic zones of platinum group 
metals,268 rare-earth elements, tantalum,270 
alkaline-earth elements.271 In the last case, 
preliminary elution of the elements from the 
sorbent before introducing the sample into 
the spectrometer was used. The limits of 
detection are usually n x to 

Infrared Spectrometry. There are two ways 
of IR-spectrometric measurements for the 
identification of substances separated by 
TLC. The first of them includes the elution 
of the determined substance from the sor- 
bent and subsequent investigation of eluate 
or potassium bromide disks onto which the 
substance is The second 
technique includes direct IR measurements 
on thin-layer plate.275-276 The direct determi- 
nation, although being rather fast, possesses 
a number of serious drawbacks. The most 
important of them is a strong absorption of 
the IR radiation by the material of support 
and by the stationary phase causing spectral 
superpositions. The interferences can be 
caused by the absorption bands of the func- 
tional groups of solvents used as mobile 
phases and partly retained in the thin layer of 
sorbent due to the intermolecular interaction 
with the stationary phase. On the other hand, 
the recovery of the determined component 
from the sorbent before IR determination is 
a rather long and tedious operation that can 
lead to losses or contamination of the sample. 
It is preferably to deal with the samples of 
100 to 200 pg. Preliminary elution is usually 
used when inorganic ions are determined by 
the 1R s p e c t r ~ m e t r y . ~ ~ ~ . ~ ~ ~  

An interesting procedure is proposed for 
this purpose.277 A thin-layer plate after com- 
pleting the development is treated with a 
strongly acting solvent in the second direc- 
tion (as in two-dimensional chromatogra- 
phy). This solvent provides the complete 
transfer of the component to the powder trans- 
parent for IR radiation is chloride, diamond 
powder, etc.). The powder is placed on the 
support connected with thin-layer plate by a 

bunch of glass fibers. In so doing, it is pos- 
sible to minimize all the problems connected 
with the transfer of substance. The solvent 
retained in the powder can be evaporated 
before measuring. 

The results of the determination of 
glycidoxypropylate complexes of some met- 
als by the FTIR spectrometry, densitometry, 
and fluorimetry were compared.278 

Mass Spectrometry. Mass spectrometry is a 
convenient technique for the identification 
substances separated by TLC.279-281 Unlike 
some other physical methods of analysis, the 
sample is completely used up during the 
analysis. As small samples as 1 to 2 pg are 
usually employed because mass spectrom- 
etry provides the detection limits to 

Transfer of the analyte from TLC-plate 
to the mass spectrometer can be performed 
either directly (e.g., by withdrawal of a part 
of sorbent containing the determined sub- 
stance from the support and transferring it 
into the mass spectrometer) or by use of 
preliminary elution of the substance from 
TLC-plate and introducing the eluate into 
the evaporating chamber of the mass spec- 
trometer as is usually carried out for the 
identification of organic substances.282-288 The 
first way seems to be the most promising 
one. 

Ionization by the bombardment by fast 
atoms is the most convenient way for com- 
bining TLC and mass spectrometry. That is 
why such a technique does not require re- 
moving the test substance from the plate and 
permits to investigate nonvolatile and ther- 
mally unstable compounds.284 A rapid and 
simple technique was developed285 for trans- 
ferring the sorbent with the substance after 
determining zone location on the plate (by a 
usual method, e.g., by uv-fluorescence). The 
end of the probe for introducing the sample 
into the mass spectrometer is pressed to the 
spot by a adhesive tape. Thereafter, 1 to 2 
pL of a solvent (CH,Cl,, CH,OH) and 2 to 
5 pL of a liquid matrix (glycerin or 

10-14 g. 
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thioglycerin) were added to the sorbent on 
the end of probe. Then, the probe is intro- 
duced into the ion source of the mass spec- 
trometer. The analysis is carried out using a 
high-resolution instrument. A device for 
scanning 1 x 10 cm TLC-plates by use of a 
pulse CO, laser was developed.286 So far 
mass spectrometry was not often used for 
the detection of inorganic substances on TLC- 
chromatograms. Preliminary elution of the 
determined substance from the sorbent be- 
fore its introducing into the mass spectrom- 
eter is employed. Fe, Co, Mn, Ni, Zn, Cu, 
Rh, Pb, Cd, and Hg were identified by this 
technique in the form of their complexes 
with tetraphenyl p ~ r p h y r i n . ~ ~ ~ . ~ ~ ~  The method 
proposed was employed for the analysis of 
biologic samples. 

Spec t rop h o torn e try.  S pe c t r o p h o t o me tr i c 
measurements (in UV or visible regions) can 
be carried out by the estimation of the absor- 
bance of the eluate containing the determined 
substance in the form of a colored complex. 
It is possible also to separate a colorless 
substance from the sorbent zone and to sub- 
ject it to the reaction with a suitable reagent 
to form a colored product. In any case, the 
eluate is brought to a known volume and 
investigated on a spectrophotometer a colo- 
rimeter. The results can be calculated using 
the corresponding calibration plots or molar 
absorptivities. A linear relationship between 
the color intensity and the substance concen- 
tration should be obeyed. Successful appli- 
cation of the photometric techniques depends 
of the band shift to the range of longer wave- 
lengths. In this case the results are less af- 
fected by interferences from the substances 
coextracted from the sorbent. Spectropho- 
tometry provides limits of detection which 
are at least 10 times lower compared with 
the other optical  technique^.,^' Spectropho- 
tometric determinations after eluting analytes 
from the sorbent are quite often used in in- 
organic analysis. The following elements and 
compounds have been determined: alkaline 

earth  element^,^^^.^^^ aluminum,294 cadmium 
and others,295 cobalt,296 iron,29* 

iron and mercury,300 cobalt, nickel, 
bismuth and ~ t h e r , ~ ~ ~ , ~ ~ ~  mercury, cobalt, 

precious metals,305 uranium,306 
tellurium,133 uranium, nickel, cobalt, and 
bismuth,307 rhenium,308 ~ i r c o n i u m , ~ ~ ~ - ~ l  rare 
earth elements, 103,312-315  phosphate^,^*^-^^^ and 
p o l y t h i ~ n a t e s . ~ ~ ~  

The “Ring-Oven ” Method. This technique 
also called ring colorimetry or circular colo- 
rimetry is a special method for the analysis 
on filter paper disks placed into a ring oven 
usually heated to 100 to 110°C. The sub- 
stances are detected not in a spot-like form 
but in the form of sharp concentrated rings. 
Such rings are formed as a result of solvent 
displacement from the center of the spots to 
its periphery during evaporation. The first 
publication on this technique appeared in 
1954,320 the first monograph - in 1961 and 
repeatedly in 1 970.321 The following aspects 
were discussed: instrumentation and its use 
for the analysis of cations, anions and or- 
ganic substances; use of this technique in 
radiochemistry, toxicology, for air pollution 
estimation, etc. Particular emphasis has been 
placed on the combination of the ring-oven 
method with other techniques such as sol- 
vent extraction, paper and thin-layer 
chromatographies. This analytical technique 
is very simple, rapid, and highly sensitive. 

When TLC is combined with the ring- 
oven technique, the procedure is as follows. 
A corresponding zone containing the test 
substance isolated by TLC is scrapped from 
the plate, the obtained sample is applied as a 
spot on a paper disk, and the latter is placed 
into a ring oven. The spot is eluted with an 
appropriate solvent feeding it into the center 
of the spot. Sharp rings are formed as a 
result of the process of adsorption chroma- 
tography. The color intensity of these rings 
can be measured visually by comparison with 
the corresponding scale. The ~ o r k s ~ ~ ~ - ~ ~ ~  are 
devoted to the problems of combining TLC 
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with the ring-oven technique. The proce- 
dures and corresponding devices are de- 
scribed in 

The employment of the ring-oven tech- 
nique for the estimation of radioactive ele- 
ment concentrations in the zones of thin- 
layer chromatograms was mentioned in the 
work.323 Of particular interest is use of this 
technique in radiochemistry because of its 
relative safety as it requires only quite a few 
microliters of solution for the analysis. The 
ring-oven technique was employed for 
semiquantitative determination of the fol- 
lowing elements and ions after their TLC 
separation: iron. copper, nickel, 
platinum group metals,325-327 nickel, cobalt, 
palladium, titanium, yttrium, zirconium,328 
lead, bismuth, uranium, thorium, nickel, cop- 
per, cobalt, vanadium(IV), 
vanadium(V), iron(II), iron(III) ,329 titanium, 
zirconium, thorium, and rhenium, molybde- 
num, zirconium, thorium and rhenium, mo- 
lybdenum, tungsten, e t ~ . , ~ ~ O  germanium, ar- 
senic, antimony, e t ~ . , ~ ~ ~  germanium, tin, lead, 
zinc, cadmium, mercury,332 alkaline earth 
elements,333 selenium tellurium, tin,334 iron, 
mercury, thallium, antimony,335 poly- 
t h i o n a t e ~ . ~ ~ ~  

Photothermal Spectrometry and Electron 
Spin Resonance. The fundamentals of 
photothermal spectrometry have been de- 
s ~ r i b e d . ~ ~ ~ - ~ ~ ~  Pho toacous tic spectrometry 
was firstly employed for the determination 
of organic substances on chromatographic 
plates. Inorganic ions were determined by 
this technique on Silufol plates340 and other 
substances, e.g., fluorescein were deter- 
mined.341 There is no limitation for the form 
and structure of samples which can be pow- 
ders, paper, pastes, coatings, etc. with the 
weight down to a few milligrams. 

The photothermal method makes it pos- 
sible to achieve the relative limits of detec- 
tion n x l P 5 %  wt. or the absolute limits of 
detection down to n x 1P1l pg for solid 
materials; the detection limits depend on the 

radiation source and on the technique for 
acoustic oscillation measurements. There- 
fore, this method is one of most sensitive 
spectrometric techniques in analytical chem- 
istry. The most effective way to further in- 
crease the sensitivity of the optical-acoustic 
method is the use of lasers as sources of 
radiation. 

The examples of the photothermal de- 
tection of inorganic ions are presented in 
Table 1. The complex of cobalt with 1-(2- 
pyridilazo)-2-naphtol was also determined 
by pho toacous tic spectroscopy .349 

A combination of TLC with electron spin 
resonance (ESR) is described as the tech- 
nique for the determination of Cu(II) and 
V02+ after scraping off the corresponding 
zones of sorbent from a thm-layer plate and 
placing the samples into a capillary tube (an 
ampoule for ESR  measurement^).^^^ The el- 
ements were determined using calibration 
plots. Al(III), Cr(III), Mn(II), Co(II), Ni(II), 
Zn(I1) do not interfere with the determina- 
tion of Cu(II) and V02+ while there is some 
interference from Fe(III). The RSD values 
were 1.8% for the determination of 1W M 
Cu(II) and 1.66% for the determination of 
10-3 M V02f. 

Radiochemical and Nuclear-Physical Meth- 
ods. As mentioned above (Section III), 
nuclear-physical methods are among the most 
sensitive techniques for detection, identifi- 
cation and quantitative determination of el- 
ements in chromatographic zones. Some 
problems of quantitative estimation of thin- 
layer chromatograms are discussed.9 The 
combinations of TLC and radiochemical 
techniques of the analysis of inorganic sub- 
stances are de~cr ibed .~  

Some instruments and devices for the 
qualitative and quantitative analysis of thin- 
layer radiochromatograms are describ- 
ed.350-357 A method was reported for remov- 
ing the layers of cellulose or mixtures of 
cellulose and silica gel from glass thin-layer 
plates and subsequent measurements of the 
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radioactivity of substances contained in in- 
dividual zones.358 A convenient device was 
proposed for‘the detection of radioactive spots 
by aut~radiography.~~~ Radiometric scanning 
can be carried aut0matically,3~ and the re- 
sults can be processed by ~ o m p u t e r . ~ ~ ~ * 3 ~ ~  

There are few ways of detection and 
measurement of zone radioactivity on the 
chromatograms. These are direct determina- 
tion of elements on the plate (radiometric 
measurements of the spot, scanning of the 
chromatogram, autoradiography) and deter- 
mination of the radioactive elements after 
isolation of a zone from the chromatogram 
(radiometric analysis of the sorbent powder, 
eluate or solvent after sorbent destruction, 
neutron activation method). The works given 
in Section 11199-136 and in Table 2 are devoted 
to the combinations of TLC with various 
nuclear-physical techniques for detection and 
determination of substances. The automatic 
scanning of the radiochromatograms was 
especially effective when nanogram quanti- 
ties of T r ,  54Mn, 59Fe, 6oCo, 6sZn, Io9Cd 
were present in the form of triocyonate com- 
plexes. A 128-channel ND-110 spectrom- 
eter with NaJ(T1) crystal was employed.360 
An original system for the estimation of spa- 
tial distribution of molecules labeled with 
the positron-radiating radionuclides was pro- 
posed.357 Autoradiography was employed for 
the detection and determination of trausur- 
anium and e l e m e n t ~ l ~ l . ~ ~ ~  rare-earth ele- 
rnents,314g315 S and P,364.370 24Na, 42K, 86Rb, 
137Cs371 on thin-layer chromatograms. Zones 
of inorganic ions labeled with the radioiso- 
topes 13’Cs, 139Ba, I@La, 90Y, 90Sr, 24Na, 42K, 
86Rb were detected autoradiographically on 
chromatograms after separation of mixtures 
of these elements on thin layers of silica gel 
mixed with ammonium dodecanomolybdo- 
phosphate or zinc cyanofez~ate .~~~ 

The noble elements,36368 rare earth ele- 
m e n t ~ , ’ ~ ~  and uranium369 were determined in 
chromatographic zones by a neutron-activa- 
tion method after their separation from ac- 
companying elements by TLC and isolation 
of the chromatographic zones from the plates. 

For example, microgram quantities of Ag, 
Au, Pt, Pd, Rh, Ir were isolated separately on 
a thin layer of the sorbent based on the co- 
polymer of styrene and (3) 5-methylpyrazole 
(PVB-Mp-8T).36G367 Uranium was isolated 
on a thin layer of silica gel,369 and rare-earth 
elements on Fixion-50 x The distribu- 
tion of indium on a thin-layer chromato- 
gram was estimated by a radioactivation 
method after its isolation from sulfate solu- 
tions containing a mixture of other plati- 
num-group metals.368 

Electrochemical Methods. Electrochemical 
methods for the detection of inorganic ions 
on thin-layer chromatograms have not been 
widely employed enough. However, these 
methods make it possible to achieve in prin- 
ciple the results with the RSD values down 
1%. Electrochemical methods can be used 
for the determination of inorganic ions 
both directly in the sorbent layer and after 
their elution from the sorbent. Conducto- 
metric and polarographic detectors are used 
for this purpose. The most reproducible re- 
sults can be achieved when polarographic 
detectors are used. The limits of detection 
for inorganic substances determined by al- 
ternating current polarography were about l 
x lo-” g/m1.373 Co~lometr ic~’~ and potentio- 
metric375 methods can be used for the detec- 
tion of substances in solutions after their 
elution from the sorbent layer. The latter 
technique makes it possible to determine 
sulfide ions in l O - I 7  M solution in the pres- 
ence of fluoride, chloride, sulfate, and phos- 
phates. 

Polarogruphy. When a polarographic method 
of detection is used it is most expedient to 
carry out direct determination of elements in 
zones on the plate, although special devices 
are necessary. For example, an original de- 
vice is proposed for this purpose.376 The 
method is laborious and rather time-consum- 
ing. Moreover, it requires good separation 
and sharp localization of the separated sub- 
stance on the sorbent layer. Electrochemical 
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detection of substances on the plate was pre- 
formed in the continuous flow variant of 
TLC using commercially available equip- 

The sorbent zones containing the 
substance to be determined were transferred 
into a polarographic ce11.378,379 Excess sor- 
bent did not interfere with the quantitative 
determination. The RSD was 3% under these 
conditions. 

The components of a semiconductor al- 
loy Sn-Au were separated by TLC on silica 
gel fixed on the plate by starch. Then gold 
was eluted from the chromatographic zone 
and determined by stripping oscillographic 
p ~ l a r o g r a p h y . ~ ~ ~  The RSD of gold determi- 
nation was 3% when the gold concentration 
was 0.3 pg/mL. A voltammetic technique 
was used for the determination (after elu- 
tion) of heavy metals separated on a thin 
layer of   or bent.^^^ 

Conductometry. This method is convenient 
in the use of continuous flow separations. A 
conductometric detector is described,382 that 
is suitable for TLC and paper chromatogra- 
phy. The detector consists of two parallel 
narrow gold plates (electrodes) placed on 
the sorbent layer. The conductometric cell is 
connected to a Wheatstone bridge with a 
differential amplifier. The output of the 
amplifier is connected with a recorder. One 
end of the plate is immersed in the eluent. 
The signal of the bridge becomes constant 
after stabilization of the eluent flow rate. 
From 2 to 10 KL of the analyzed mixture are 
applied onto the plate. The chromatographic 
peak is recorded when the zone of compo- 
nent is passing between the electrodes. The 
described detector was used for the analysis 
of aqueous solutions of Fe and Zn (2 pg/mL 
each), Fe and Mn (2 pg/mL each), Fe and Co 
(0.75 and 1.70 pg/mL), Fe, Cr, Co (1.5,2.0, 
and 2.0 pg/mL). The separations were per- 
formed on the plates with a thin layer of 
silica gel G in various systems of solvents. 
The detector signals are linear in a large 
range of concentrations of the determined 
substance. 

Kinetic Methods. Highly sensitive kinetic 
methods with spectrophotometric indication 
were employed for quantitative determina- 
tion of the small amounts of palladium, 
rhodium, and iridium in chromatographic 
zones after their isolation from ~hloride~~6,3*3 
or s ~ l f a t e ~ ~ ~ - ~ ~ ~  solutions and separation by 
TLC. The kinetic method for the determina- 
tion of rhodium and iridium is based on the 
use of catalytic oxidation of manganese with 
hypobromide in alkaline medium. The de- 
termination of palladium is based on the 
reaction of manganese (UT) reduction cata- 
lyzed by palladium (II) chloride. Kinetic 
determinations are very sensitive (the limits 
of detection are about =lo4 ,ug/mL), and, 
simple and rapid. There is no need in sophis- 
ticated equipment and expensive reagents to 
carry out kinetic measurements. 

It is necessary to first remove the sorbent 
for the kinetic determination of rhodium in a 
chromatographic zone, because the presence 
of sorbent in the reaction vessel results in a 
decrease of the rate of the catalytic reaction 
of this element.384 A technique of rhodium 
elution from the sorbent was developed that 
met this requirement. 

The distribution of rhodium and iridium 
trisulfates on the chromatograms were in- 
vestigated by a kinetic method. Conditions 
were found for maximum concentration of 
rhodium and iridium in the upper chromato- 
gram zone in the studies of TLC behavior of 
the formed complexes in water and in sulfu- 
ric acid solutions (up to 3 M H2S0,).385 A 
similar technique was used for the investiga- 
tion of the properties of the sulfate com- 
plexes of these elements in highly concen- 
trated acid solutions (3 to 18 M H2S0,).386 

Spot Size Measurements (Planimetric Tech- 
niques). The determination of a substance in 
a chromatographic zone from the area of the 
formed spots is the technically easiest 
method. It does not require special sophisti- 
cated and expensive instrumentation. The 
calculations of the amount of substance in 
the spot are based on simple relationship: the 
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logarithm of the substance mass is a linear 
function of the square root of the spot 
area.21a.387-3*8 Some other relationships have 
been established but usually only a linear 
part of the function is employed. Area mea- 
surements are certainly not very accurate for 
the quantitative estimation of thin-layer chro- 
matograms. The RSD values are usually 
about 10%. This technique can be used as a 
simple semiquantitative method. To obtain 
the most reliable and reproducible results of 
the planimetric estimations of thin layer chro- 
matograms, it is necessary to obey thoroughly 
certain experimental conditions. These are 
first of all homogeneity of the sorbent par- 
ticle size and its constant activity, stability 
of the layer thickness, constant composition 
of the vapor phase in the separation cham- 
ber, precise application of analyzed sample, 
and uniform size of the starting spots.21a To 
determine a substance in a spot from its area, 
calibration plots or additional techniques are 
employed. It is more preferable to construct 
the calibration plots on the basis of the data 
obtained on the same chromatographic plate. 

There are some difficulties in the deter- 
mination of a relationship between the quan- 
tity of the determined substance and the spot 
area. These difficulties arise from the fact 
that the spot edges are often diffuse, and the 
distribution of the substance in the spot is 
not uniform. Such difficulties can be avoided 
using a special procedure, channel TLC.389 
Better accuracy and more rapid planimetry 
of spots can be achieved by projecting the 
spot of the developed chromatogram by 
means of an epidiascope with eightfold en- 

It makes possible to determine 
the areas of the spots up to 80 mm2 with the 
RSD less than 1 %. The area of precipitation 
zone in precipitation chromatography is pro- 
portional to the ion concentration in the 
sample solution. Iodide, bromide, chloride, 
and phosphate ions were quantitatively de- 
termined from such a dependence using sil- 
ver nitrate for the treatment of the silica gel 
layer. The mobile phase was the mixture 
isobutanol-ammonium acetate (4: l).391 

Planimetric methods were employed in 
quantitative TLC for the determination of 
the following elements and ions: alkali and 
alkaline earth elements,21q392.393 iron, cobalt, 

iron, cadmium, thorium, alu- 
minium, lead, chromium, manga- 
nese, nickel, mercury, zinc, bismuth, iron,393 
t e ~ h n e c i u m , ~ ~ ~  chromium,396 silver, vana- 
dium, iron, copper, zirconium, cobalt, thal- 
lium, aluminium, lead,397 mercury,398 rhe- 
nium,308.399401 selenium, tellurium,402 ortho- 
and pyropho~phates .~~~ 

Visual Semiquantitative Techniques. The 
simplest and most widely used in TLC for 
detection, identification, and semiquantitative 
determination of substances is visual esti- 
mation of the size and intensity of color (or 
fluorescence) of spots. The human eye is a 
detector in this technique, and human mind 
is a calculator. An opinion is expressed that 
90% of the whole information about TLC 
we obtain due to visual sensing.6 Hundredths 
and sometimes thousandths parts of a micro- 
gram of substance can be detected visually. 

Visual techniques are very convenient 
for the observation of chromatographic be- 
havior of the different ionic forms of ele- 
ments on a sorbent thin layer, when easily 
hydrolyzed or polymerized elements are in- 
vestigated. For example, the hydrolysis and 
polymerization of sulfate, nitro, and 
nitronitrite complexes of platinum,404s405 sul- 
fate complexes of rutenium,406 the behavior 
of molybdenum and rare earth elements in 
hydrochloric acid solutions407 have been in- 
vestigated. Some conclusions about chemi- 
cal transformations of ionic forms of ele- 
ments in solutions were made on the basis of 
the changes in the chromatographic mobili- 
ties of elements, diffusivity and multiplicity 
of zones in combination with the results of 
spectrophotometric investigations of the so- 
lution studied. Semiquantitative visual de- 
termination of a substances in the zones was 
carried out by comparison with a series of 
zones reference samples which were usually 
placed on the same plate. The errors of the 
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determination of substances by visual meth- 
ods by the comparison of the sizes and color 
intensities of spots formed by test and refer- 
ence samples is usually equal to 10 to 30%. 
To obtain more accurate and reproducible 
results, the experimental conditions should 
be standardized (thickness and activity of 
layer, saturation of chamber, constant path 
of solvent, etc.). Moreover, some other con- 
ditions must be carefully obeyed. In particu- 
lar, the size of primary zones should be uni- 
form, the volumes of the applied samples 
have to be accurately measured, the spraying 
of the plate with the detecting reagent should 
be uniform, the color of the compound 
formed should be stable. 

The number of works connected with 
the visual estimation of thin-layer chromato- 
grams of inorganic ions is very large, and it 
is not expedient to mention all of them in the 
present review. It is worthy to cite only those 
of them whch contain the results of the 
systematic investigations of a large number 
of elements in various chromatographic sys- 
tems with visual zone detection. Particularly, 
the works180J81 can be included into this cat- 
egory (see also Reference 5). The most com- 
plete information on the techniques based on 
visual detection of inorganic ions can be 
f o ~ n d . ~ ~ , ~ ~ . ~ ~  The lists of reagents used for 
the detection of inorganic ions on the chro- 
matograms after their separation by thin- 
layer or paper chromatography are pre- 
sented.50.51-61 The ring-oven technique (see 
Section IV.A.l.) and the circular (radial) 
TLC407 can be also related to visual 
semiquantitative methods. 

Original methods with the use of visual 
detection of elements in chromatographic 
zones are based on the application of modi- 
fied chelating sorbents with functional groups 
reacting selectively with the determined ions 
to form colored compounds. It makes pos- 
sible to employ such sorbents (in particular, 
various forms of modified cellulose) for si- 
multaneous selective concentration and de- 
tection of ions on the sorbent layer without 

additional spraying of the chromatogram. The 
conditions for the concentration and detec- 
tion of ions on the plate may be the same as 
in solutions containing the corresponding 
monomeric reagents. The cellulose sorbents 
are convenient because the front of the mo- 
bile phase ascends on the plate quickly and 
uniformly. The presence of the chelating 
groups, providing selective action of the 
cellulose and detection of zones on the chro- 
matogram without spraying, makes TLC on 
modified cellulose fast and selective. Some 
examples of the application of such sorbents 
are g i ~ e n . 4 ' ~ ~ ~ ~ ~  

Some papers in which the visual tech- 
nique were applied for semiquantitative es- 
timation of thin-layer chromatograms of 
various are presented in Table 3. More de- 
tailed information about these procedures is 
reported in Section 1V.C. 

As in the previous years, the visual meth- 
ods of detection are currently rather widely 
used. For instance, 49 ions were visualized 
after the separation of their various mixtures 
on thin layers of p-aminobenzyl cellulose in 
sulfate or chloride media.420.421 A visual fluo- 
rescence method was used for the detection 
of 20 inorganic cations on thin layer of po- 
rous glass.422 The chromatographic behavior 
of 58 inorganic ions was investigated by 
TLC with visual detection on PEI-cellulose 
using the mobile phase HCI - NH,SCN. The 
possibility to separate and identify various 
mixtures of inorganic ions was demon- 
~ t r a t ed .4~~  The zones of elements were de- 
tected visually after the separation of Cd, w, 
Zr, Zn, and V from some transition metal 
ions in a solvent system containing DMS0.424 
After the separation of Zn from Cd and Cu 
(II), the elements were detected in the sys- 
tems containing mixed organic solvents 
(5-butylamine, acetone, and formic 
The visual determination of organophos- 
phorus compounds was carried with 
the use of polyethylene polyamines. New 
systems with impregnated layers of sor- 
 bent^,^^^-^^^ thin layers of chitin and 
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~hitozan,4~O ion exchange sorbents based on 
silica gel with carboxylic are em- 
ployed for the separation and visual detec- 
tion of various ions. 

A number of works are devoted to TLC 
separation and visual detection of anions432435 
and metal c o r n p l e x e ~ . ~ ~ ~ ~  

B. Quantitative Determination of 
Individual Elements in the 
Chromatographic Zones 

The data on the methods for the determi- 
nation of elements in chromatographic zones 
are presented in Table 4. 

C. Analysis of Natural and Industrial 
Samples 

TLC is employed widely enough for the 
quantitative analysis of various natural and 
industrial materials including geological 
samples (minerals, rocks, ores, soils), vari- 
ous waters (natural and waste), technologi- 
cal materials (metals, alloys, pure substances, 
salts, reagents), organic materials (biologi- 
cal samples, pharmaceutical, cosmetic prepa- 
rations, plants, foodstuff), etc. The basic in- 
formation about some methods for the 
analysis of various samples are presented in 
Table 5. 

Minerals, Ores, and Rocks. TLC was used 
for the separation of milligram amounts of 
Hg as well as Au, Sb, As, and Bi from mi- 
crogram quantities of tellurium for the deter- 
mination of the latter in cinnabar.135 The 
RSD was about 10% when the tellurium 
content was n x lo-,%. Uranium was sepa- 
rated from the accompanying ions by means 
of TLC on silica gel for the determination of 
this element in minerals.369 The zones con- 
taining uranium were detected by spraying 
the chromatograms with 3% alcohol solu- 
tion of hydroxyquinoline and subsequent 
exposure in NH, vapor. 

To determine microgram amounts of sil- 
ver in a sulfide chalcopyrite ore, TLC on 
modified chelating cellulose containing 
groups was used in combination with elec- 
trothermal atomic a b ~ o r p t i o n . ~ ~ ~ , ~ ~  

TLC was employed for the detection of 
trace rare earth elements in ores and rocks414 
A method is proposed for ion-exchange con- 
centration of eight rare earth elements and 
yttrium by TLC (circular mode) with subse- 
quent neutron-activation d e t e r m i n a t i ~ n . ~ ~ ~  
Solutions of oxalic acid and ammonium chlo- 
ride were used as eluting mobile phases. It 
made possible to quantitatively elute the rare 
earths into a concentrate. The concentrates 
then requirements of neutron activation 
analysis, the most important of which was 
sufficient purity in relation to the accompa- 
nying elements. 

Waters. The works on the employment of 
TLC for water analysis are reviewed.467 A 
method of the quantitative fluorimetric de- 
termination of selenium in natural waters, 
potable water, and biological fluids was de- 
scribed.453 Selenium was determined after 
its isolation by TLC. The zones of Al, Be, 
and Cr were also detected on the chromato- 
gram, and these elements were quantitatively 
determined f lu~r imet r ica l ly .~~~ 

The visual detection of zones was often 
used in water analysis. Thus, the possibility 
was shown to determine four elements (Ni, 
Cu, Fe, Co) in the form of chelates of pyri- 
dine 2-aldehyde 2-quinoline hydrazone in 
the sea water and sea weeds and algae. 
Each determination took less than 30 min, 
the RSD was 5 to 12% when the ring-oven 
technique was The limits of detec- 
tion (ng) were 10 for Ni, 8 for Cu and Fe, 
and 5 for Co. 

Many ions (Ca2+, Mg2+, Fe3+, A13+, Mn2+, 
C1-, PO:-, F-, NO,-, SO,*-) were 
semiquantitatively determined in water for 
boilers using a visual technique after TLC 
separation on microcrystalline cellulose 
A v i ~ e l . ~ ~ ~  
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Yamane et al. determined 14 metal ions 
in the form of their dithizonates, 8-hy- 
droxyquinolinates and Z-methylquinolin- 
 ate^.^^^,^^^,^^^ Toxic metals (Zn, Cu, Ni, Pb, 
Hg, Cd) can be preliminary extracted with 
chloroform from a water sample in the form 
of diethyldithiocarbamates at pH 4.6. Then 
these metals are separated by TLC on a thin 
layer of Kiselgel SIL N-HI? (Macherey- 
Nagel & Co.), with the mixture of benzene 
and hexane (5:l) as mobile phase. The vi- 
sual identification of these metals can be 
carried out after their transformation into the 
dithizonates by spraying the chromatogram 
with a dithizone solution.468 

Ion-exchange TLC was applied to the 
determination of Zn, Fe, Cu, and Ni in waste 
water of halvanizing workshops.408 The pre- 
liminary concentration of the determined 
elements was carried out by coprecipitation 
on magnesium hydroxide. The metals were 
determined in the chromatographc zones by 
visual or densitometric techniques. A 
semiquantitative method was proposed for 
the determination of heavy metals (Fe, Co, 
Ni, and Cu) in technological and waste wa- 
ters at the level of 5 to 10 maximum pennis- 
sible concentrations. The diethyldithio- 
carbaminates of the determined elements 
were separated on Silufol plates in the shape 
of stripes and determined directly on the 
plates using a visual semiquantitative 
method.409 

Heavy metals (Co, Ni, Cu, Zn, Cr, Fe, 
and V) were determined by TLC in waste 
waters of halvanizing shops in the concen- 
tration range from 20 to 400 mgL. A chelat- 
ing cellulose-based sorbent containing 
azopyrocatechol groups was used.410 The 
following mixtures of elements were sepa- 
rated: Fe - Cr, Fe - Zn, Fe - Co, V - Co, V - 
Zn, Ni - Co, Ni - Zn, Cr - Cu, Cr - Ni, Cr - 
V, Cr - Co, Cu - Co, Cu - Zn, Fe - Co - Cr, 
Fe - Co - Zn, Cr - Ni - Co, Cr - V - Co, and 
V - Co - Zn. The sorption zones were col- 
ored without additional spraying of the chro- 
matograms. The element contents were de- 

termined semiquantitatively from the inten- 
sities of zone color. The limit of detection 
was 0.05 to 2 pg of an element in the zone. 

Metals, Alloys, Technical Materials. A 
method for the determination of tantalum in 
molybdenum-based alloys (0.5% and more) 
was developed.270 The tantalum was sepa- 
rated from molybdenum using water - ac- 
etone solutions of HC1 as mobile phase. The 
amount of tantalum in the concentrate ob- 
tained was determined by atomic absorption 
spectrometry. 

TLC was employed for test-analysis of 
platinum- and gold-based Anion- 
exchange DEAE cellulose was used as sor- 
bent. The zones of alloy components (Pt, Pd, 
Rh, Au) were visualized by spraying the 
chromatograms with a sulfochlorophenol 
azorhodanine solution. The elements were 
determined semiquantitatively by compari- 
son of the sizes and color intensities of the 
separated zones with the scale obtained with 
the use of reference solutions. Atomic emis- 
sion spectroscopy was used for the quantita- 
tive determination of the elements in the 
zones. 

The quantitative densitometric determi- 
nation of magnesium in aluminum-based 
alloys was carried out by TLC on the mixed 
layers of cellulose and an ion-exchanger 
Amberlite IRP-69. The zone visualization 
was performed using an ethanol solution of 
8-hydro~yquinoline.~6~ 

F‘yrophosphate contents of technical tri- 
polyphosphate and products of acid thermal 
processing of phosphorite were determined 
with RSD 5% by TLC in combination with 
den~itometry.~’~ Binary alloys of yttrium (or 
lanthanum) with molybdenum were analyzed 
using anticircular TLC in combination with 
spectropho tometric determination. 

Technical preparations of rare earth ele- 
ments (such as “didim” and “polyrit”) were 
analyzed to determine Ce (IV) by use of 
TLC and radiometry (144 Ce) or spectro- 
photometry with arsenazo III. lo5 This method 
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made possible to separate Ce (IV) from triva- 
lent rare earth elements. 

A semiconductor alloy of Sn - Au was 
analyzed by use of TLC and oscillographic 
stripping polarography. The gold was deter- 
mined after its separation from the matrix 
(tin) by TLC on a thin layer of silica gel.380 

The employment of a combination of 
TLC and sampling by anode dissolution 
makes it possible to determine chromium in 
steel f lu~rimetr ical ly .~~~ A special design of 
electrode was developed for sampling by 
electrolysis. The technique of ascending TLC 
on an unfixed layer of alumina was applied 
to the determination of Pb, Cu, Bi, Co, Sn, 
Ni, and Zn in alloys of nonferrous metals.456 
It is possible to cany out the quantitative 
separation of Pb2+ from Hg,2', Hg2+, Tl', 
Bi3+, Sn4+, Sb3+ by TLC with the use of 
chelating mobile phases containing DMS0428 
in the case of analyses of Pb-containing al- 

The determinations of Fe, Zn, Co, Ni, 
Cr, Mn, Ca, and Mg in ferrites were per- 
formed with the use of visual detection.458 
Sodium, potassium, calcium, and magnesium 
were determined in clays and in burned 

loys. 

Pure Substances, Salts, and Reagents. 
Rhodium was determined in pure platinum 
(99.99%) by electrothermal atomic absorp- 
tion after its separation from the matrix and 
concentration anticirculal TLC on DEAE- 
cellulose.265 Trace common elements (Fe, 
Cu, Hg, Ca, Zn) were detected in high-purity 
rare-earth metals (99.95% and more pure) at 
concentrations of to 10-1%.104 Rare-earth 
elements in the range n x to can 
be determined in high-purity uranil nitrate 
by use of TLC. The sample weight varied 
from 0.05 to 5 g depending on analyte con- 
c e n t r a t i o n ~ . ~ ~ ~  Down to 0.002% of copper 
was determined in CdS by TLC separation 
combined with d e n ~ i t o m e t r y . ~ ~ ~  Copre- 
cipitation with HgS was employed for cop- 
per preconcentration. 

Daughter 113mIn was separated from par- 
ent 13Sn by TLC on a thin layer of Kieselgel 
with the mobile phase methanol-2 M NaCl- 
1 M HC1 (45:5:0.5).'19 The initial Il3Sn re- 
mains in the lower part of the plate, whereas 
113mIn migrates to the upper part. Both ele- 
ments are detected using a color reaction 
with ditizone or pyridylazonaphtol. Such a 
technique can be employed to control the 
purity of Il3"In solutions. 

Biological Samples. A procedure was devel- 
oped for the fluorimetric determination of 
selenium in biological fluids and 
Densitometric measurements at 530 nm were 
used for the determination of Na, K, and Mg 
in biological fluids.21a The colorimetric de- 
termination of Cd, Co, Ni, Zn and Hg was 
performed after their separation by TLC and 
elution from the corresponding zones with 
chloroform.295 Mass spectrometry was ap- 
plied to the determination of Fe, Co, Ni, Cu, 
Zn, Mn, Rh, Sn, Cd, and Pb in biological 
tissues after isolation by TLC in the form of 
tetraphenyl porphyrin complexes.290 Some 
metal ions were isolated and identified by 
TLC in samples of human placenta.471 

Foodstuffs and Plant Materials. The meth- 
ods for the analysis of foodstuffs using TLC 
are r e ~ i e w e d . 4 ~ ~  A combination of TLC and 
reflectance spectroscopy was used for the 
determination of nickel, cobalt, and copper 
in oats and in other cereals.219 

The densitometric determination of the 
ortho-, pyro-, tri-, and tetraphosphates in 
foodstuffs was carried out after their separa- 
tion by TLC.214 The qualitative detection of 
boron in the form of boric acid in caviar was 
carried out by TLC on a thin layer of silica 
gel with the mobile phase consisted of etha- 
nol and benzene (l:10).462 Acetic acid, 
NH40H, and sulfuric acid (1:l) served as 
reagents for visualization. 

Nitrate ions were separated from other 
oxyanions (C10-, 104-, Br03-, Cr042-, 
MnW,  Se032-, Se02-, VOq, etc.) on Silufol- 
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254 plates with the use of a mixture of n- 
propanol and concentrated ammonia (2: 1) in 
the analysis of plant materials (e.g., molas- 
ses).216 

A visual technique was proposed for the 
semiquantitative estimation of the concen- 
tration of nitrate ions in vegetable juices. 
The colored zones of nitrate on thin- 
layer chromatograms after treatment with 
diphenylamine were compared with a 
scale obtained with the use of reference so- 
lutions under identical conditions.415 The low- 
est limit of detection of nitrate ions in the 
analyzed sample was 0.1 l g  in the indi- 
vidual zone that corresponded to the nitrate 
concentration 10 mg/L in the test juice. This 
technique can be used for the determination 
of nitrate in any vegetable products includ- 
ing Cruciferae and colored products such as 
carrot and beet, since the colored substances 
are separated from the zone of nitrate ions in 
the course of the chromatographic process. 

Pharmaceuticals and Cosmetic Preparations. 
Silver can be determined in medicines 
densitometrically after its separation as 
dithizonate on a thin layer of silica gel.193 
The excess dithizone and the dithizonates of 
other metals do not interfere with the silver 
determination. Mercury can also be deter- 
mined in various medicines as dithizonate 
using TLC on Kieselgel G (Merck).,03 

To determine manganese densito- 
metrically in pharmaceuticals, sample solu- 
tion is mixed with pyridine and methanol 
solution of PAN. The chelate formed is ex- 
tracted with chloroform after allowing to 
stay for 30 min in the dark. The chelate 
forms a red sport on a thin layer of silica gel 
of the use of the mixture pyridine-methyl 
isobutyl ketone-chloroform (20:4: 1) as mo- 
bile phase. The densitometric measurements 
are carried out at 570 nm.*04 

An aqueous emulsion of shampoo con- 
taining 1% of free sulfur was analyzed 
densitometrically at 295 nm with an RSD of 
not more than 5%.212 

Mercury was determined densito- 
metrically in a 1 ip~t ick . l~~ The sample was 
dissolved in CHCI,. Acetic acid and dithizone 
were added and the solution was allowed to 
stay for 30 min in the dark. The formed 
mercury dithizonate can be well separated 
from dithizone and dithizonates of other 
metals by TLC. 

Technetium-99 used in medicine in the 
form of Tc0,- is usually produced by elution 
with 0.9% NaCl solution from a generator 
containing 99M004- on an aluminum sup- 
port. The radiochemical purity of the eluates 
obtained from various 99Tc-generarors was 
controlled by TLC.463 TLC on silica gel 
(Merck) in a sandwich-chamber was used 
for the control of radiochemical purity of the 
radioactive pharmaceutical preparations la- 
beled with 99Tc.395 The radiometric determi- 
nation of 99mT~ was carried out using a scan- 
ner or a scintillation chamber; techneciurn 
was also determined planimetrically. TLC 
was also used for the separation of 99mTc 
from neutron-irradiated ammonium molyb- 
date. The separation of 99Mo and 9 9 m T ~  ra- 
dionuclides was carried out on a thin layer of 
cellulose MN 300. The radiochemical purity 
of a sodium chromate preparation for hypo- 
dermic injections labeled with 51Cr was con- 
trolled by TLC;4&1 Wr3+ was separated from 
51Cr0,2- on thin layers of silica gel, cellulose 
and other sorbents. 

A rapid TLC technique was described 
for the determination of radioactive contami- 
nants ( Y r ,  113mIn, 203Hg, 57C0 , , r e ,  32P I3lI 75S 
198Au, 99mTc) in various radioactive pharma- 
ceu ticals .465 

Miscellaneous Samples. Fe, Ni, and Co 
were determined in the magnetic fraction of 
interstellar dust by densitometry after TLC 
separation.206 The dust particles were col- 
lected in the area of the Tunguska meteorite 
fall; the particles represented spherules 160 
Fm in diameters and 3 to 10 pg in weight. 

Two-dimensional TLC was applied to 
the separation of rare-earth elements for their 
determination in irradiated nuclear fuel.313 
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Lead was determined in oils using a tech- 
nique that combined TLC for its isolation 
and fluorimetric measurement of the ele- 
ment content in the chromatographic 
zone.243-2u Chromatographic plates with a 
thin layer of an ion-exchanger Amberlite 
CG-120 were used for fast visual determina- 
tion of the lead dust in air.466 The lead was 
preliminary collected on filter paper and than 
dissolved in a buffer solution. Some metal 
ions were determined in wool fabric by TLC 
with visual estimation of zones after their 
visualization by a solution of sodium 
diethyldithi~carbamate.~’~ 

CONCLUSION 

We do hope that this review will be use- 
ful for the community of chemists working 
in the fields of inorganic analytical chemis- 
try, microanalysis, pharmaceutical chemis- 
try, radiochemistry, medicine, forensic chem- 
istry, umpire analysis, etc. The principal 
publications are discussed which character- 
ize the present state-of-the-art and recent 
achievements in the field of the quantitative 
TLC of inorganic ions. The review enables 
the reader appreciate the role and impor- 
tance of TLC for inorganic analysis and ra- 
diochemical studies. This paper should make 
easier the search of needed publication both 
on the techniques of quantitative estimation 
of chromatograms and on the analyzed 
samples and the elements to be determined. 
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