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Abstract 

This thesis is concerned with (i) quantitative measurements on wetted thin layer 

chromatography (TLC) plates, (ii) the real time imaging of TLC separations, and (iii) 

imaging of TLC separations in the ultraviolet (UV) part of the electromagnetic 

spectrum using a charge coupled device (CCD) camera. 

Quantitative measurements were carried out on wetted TLC plates for the first time, as 

a preliminary to real time study. After signal referencing was carried out in order to 

compensate for fixed pattern effects, it was possible to obtain good linearity and 

precision in both reflectance and transmission modes. Direct comparisons were made 

of c values with those from spectrophotometry and inferences drawn on the amount of 

scatter present in dry and wetted layers. 

Real time imaging was studied in the visible spectrum initially. A series of images 

were taken during development, then a novel signal referencing method was applied to 

these images in order to compensate for fixed pattern effects and also for the effect of 
the moving solvent on absorbance measurements. The results obtained from these 

compensated images were found to be greatly improved when signal averaging was 

carried out. Microsoft Excel was used to average the absorbance results from up to 80 

images taken during a chromatographic development, and the improvement in SIN 

ratio and LOD was shown to scale with the square root of the number of images 

averaged. 

TLC plates were imaged in UV, both offline and in real time using a CCD camera. 
Using a mercury lamp at 254 nin, quantitative UV results were obtained for the first 

time by this method. Once again, signal referencing was used as in the visible work 

A loading of 0.5 ng benzophenone was detectable after averaging 80 images using the 

real-time technique. 2 ng was not detectable by scanning densitometry using the same 

plates, mobile phase and analyte. This represents a5 times improvement in LOD. 
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CHAPTER ONE 

Introduction 

1.1 Fundamentals of chromatography 

1.1.1 Definition of chromatography 

The International Union of Pure and Applied Chemistry (lUPAQ define 

chromatography as follows: "chromatography is a physical method of separation in 

which the components to be separated are distributed between two phases, one of which 
is stationary (stationary phase) while the other (the mobile phase) moves in a definite 
direction". 

The chromatographic process occurs as a result of repeated sorption and desorption 

during the movement of the analyte along the stationary phase. The separation occurs 
due to differences in the distribution constants of the individual analyte components. 

1.1.2 Principal methods of chromatography 

The main chromatographic methods can be distinguished by the type of mobile phase 

used. In gas chromatography, the mobile phase is an inert gas (usually nitrogen or 
helium); in liquid chromatography the mobile phase is a liquid of low viscosity. 

In liquid chromatography the stationary phase particles are generally densely packed 
into a tube (column) able to withstand the operating pressures employed. The sorbent 

particles are usually porous solids of high surface area, which may be chemically 

modified on the surface to tune the retention characteristics. In capillary gas 

chromatography the stationary phase is normally a viscous liquid distributed as a thin 
film or layer on the wall of a capillary leaving the centre of the column open. For thin 

layer chromatography the sorbent is spread as a thin, homogeneous layer on flat glass or 

similar inert support plate. In this case the mobile phase moves through the layer by the 



action of capillary forces, or sometimes by forced flow if special equipment is 

employed. 

1.1.3 The chromatogram 

The information obtained from a chromatographic experiment is contained in the 

chromatogram, a record of the concentration or mass profile of the sample components 

as a function of the movement of the mobile phase. Information readily extracted from 

the chromatogram includes an indication of sample complexity based on the number of 

observed peaks, qualitative identification of sample components based on the accurate 
determination of peak position, quantitative assessment of the concentration or amount 
in each peak and an indication of chromatographic performance (Karger et aL, 1973). 

1.1.4 Adsorption chromatography 

Adsorption is a process in which material (contained in a contacting fluid) interacts by 

physical forces (dispersive, polar or ionic) with a surface, thereby causing a layer (or 

layers) of the material to adhere to that surface. The surface in most cases will be a solid 

(e. g. silica gel, alumina, or charcoal) or sometimes a liquid (e. g. surfactants on a water 

surface). The contacting fluid may be a liquid or a gas. The surface layer(s) may be 

single, double or multiple. The relationship between the concentration of the adsorbed 

material on the surface and the concentration of the material in the contacting fluid is 

called the adsorption isotherm: the term isotherm implies that the relationship holds at 

constant temperature. The simplest form is the Langmuir isotherm, and this holds when 

the binding to any one site is not affected by binding to other sites. This isotherm has 

the form of a rectangular hyperbola, with the limit value of concentration of bound 

species equal to the concentration of binding sites. Because the amount of material 

adsorbed depends upon the number of binding sites and thus the area of the interfacial 

surface, the separation achieved in adsorption chromatography is strongly dependent 

upon the surface area of the adsorbent. In the region at low pressures or solute 

concentrations, the adsorption coefficient (Cadsorbed/Cfree) is constant and the isotherm is 

approximately linear. The relationships are generally less simple for adsorption from 

solutions than for the adsorption of gases, since solvent and solute compete for the 

adsorption sites on the surface (Snyder, 1968). 
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Figure 1.1 shows three isotherms Of C02 on charcoal at 200,3 00 and 400 K. The 

steepest isotherm being at the lowest temperature (200 K). The relationship between 

amount absorbed and pressure is parabolic but approximately linear at low pressures (or 

solute concentrations). 
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Figure 1.1 Adsorption isotherms Of C02 on charcoal (Adapted from Randerath, 1968) 

The consequences for TLC of two extreme cases of the adsorption isotherm may be 

considered. 
a) The adsorption isotherm coincides with the abscissa. That is to say the substance is 

not adsorbed at all. 
b) The adsorption isotherm coincides with the ordinate. That is to say it is completely 

(irreversibly) adsorbed. 
Case a) occurs when the substance is completely dissolved in the solvent and is carried 

along by it, travelling with the solvent front. The substance has Rf = 1. 

Case b) occurs when the substance is not dissolved off the adsorbent when the solvent 
flows over it. The substance remains at the origin and has Rf = 0. If the adsorption 
isotherm lies between these two extremes, the slope of the isotherm determines the 

extent to which the substance is transported since the overall process involves a 
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continual sequence of adsorption and desorption processes. The steeper the slope of the 

isotherm, the lower the value of Rf and the slower the substance travels. 

1.1.5 Retention 

In all chromatographic processes, sample molecules spend part of the time in the mobile 

phase and part in the stationary phase. The retention factor, k, of a sample zone is 

defined as the ratio of the time spent by the substance in the stationary phase compared 

to the time it spends in the mobile phase, and it is related to the retardation factor by 

equation 1.1 (Snyder, 1967). 

(I-Rf) 
Rf 

1.1.6 Band broadening 

1.1.6.1 Flow in porous media 

In order to understand band broadening in chromatographic systems, linear velocity is 

more important than volumetric flow rate. The mobile phase velocity and flow rate in an 

open tubular column are related by equation 1.2 

Ac 
(1.2) 

where u,, is the mobile phase velocity at the outlet, Fc the volumetric flow rate and Ac 

the column cross sectional area available to the mobile phase. In a packed bed only part 

of the column cross sectional area is available to the mobile phase; the rest is occupied 
by the stationary phase. The flow of mobile phase in a packed bed occurs predominantly 
through the interstitial spaces; the mobile phase trapped within the porous particles is 

largely stagnant (Guiochon, 1979). 
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1.1.6.2 Band broadening mechanisms 

As an analyte travels down a sorbent bed its distribution about the zone centre increases 

in proportion to its migration distance or time in the bed. The extent of zone broadening 

determines the chromatographic efficiency, N, alternatively termed the number of 

theoretical plates. If the bed is assumed to function as a Gaussian operator then the 

efficiency is readily expressed in terms of the peak retention time and variance 

according to equation 1.3. 

at 

), 
(1.3) 

where c7t is the standard deviation in time units. In practice, various peak width 

parameters are used based on the properties of a Gaussian peak profile, as shown in 

equation 1.4 

N=a 
(W 

(1.4) 

where the proportionality constant a depends on the forin of peak width w used: a=4 

with wi the peak width at the inflection point of the Gaussian peak; a=5.54 with Wh the 

peak width at half height; a= 16 with Wb the peak width at base. Alternatively the ratio 

of the peak height to the area of a Gaussian peak can be used to define N 

N= 27r 'r, 
Ap 

), 

where h is the peak height and Ap the peak area. 

The height equivalent to a theoretical plate (HETP), H, is given by the ratio of the 

column length, L, to the number of theoretical plates 

H=L 
N 

(1.6) 

(1.5) 
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As equation 1.6 shows, the inverse proportionality between H and N means that the 

higher the value of N, the lower the value of H. An advantage of using Has a measure 

of the quality of a column is that His independent of column length, whereas N 

increases in proportion to column length. 

The terms plate number and plate height have their origin in the plate model of the 

chromatographic process (Katz et al., 1983). The plate model assumes that the column 

can be visualised as being divided into a number of imaginary volume elements called 

plates. The plate model is useful for characterising the efficiency of distillation columns 
but its applicability to chromatography is at best questionable as several of the 

assumptions made do not hold under chromatographic conditions. Nevertheless, the 

quantity N is a useful parameter for characterising chromatographic efficiency and is not 
limited by the deficiencies of the plate model. 

The various rate models of the chromatographic process enable similar expressions for 

the theoretical plate to be derived (Grushka et aL, 1975). The rate theory makes three 

main assumptions in its explanation of band broadening during chromatography. 

Firstly, resistance to mass transfer in both the stationary and mobile phase prevents the 

existence of an instantaneous equilibrium; this is the most important cause of band 

broadening under most practical conditions. Secondly, the flow velocity through a 

packed column varies with radial position in the column, some analyte molecules will 

travel more quickly by following open pathways; others will diffuse into restricted areas 

and lag behind the zone centre (eddy diffusion). These differing flow velocities will 

cause zone dispersion about the average velocity. This does not apply to open tubular 

columns. Thirdly, longitudinal diffusion (diffusion in the axial direction) leads to band 

broadening that is independent of the mobile phase velocity. Its contribution to band 

broadening is proportional to the amount of time the analyte spends in the 

chromatographic system. 

A number of equations have been developed that relate the efficiency of 

chromatography to the extent to which the three processes outlined above (eddy 

diffusion, longitudinal diffusion and non-equilibrium mass transfer) occur (Miller, 

1975). The earliest and simplest of these, the van Deernter equation, was derived for 
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gas-liquid chromatography. It provides an approximate relationship between the mobile 

phase flow velocity, u, and plate height, H 

H=A+ 
B+ 

Cu 
u 

(1.8) 

where, H is the height equivalent to a theoretical plate (column length divided by N). A 

low value of H indicates high efficiency. A is the term describing eddy diffusion, which 

results from unequal flow velocities or path lengths experienced by different molecules 

of sample as they travel along the column. The B term involves longitudinal molecular 
diffusion in the mobile phase. The C term expresses non-equilibrium resulting from 

resistance to mass transfer between the mobile and stationary phases. In other words, 
time is required for sorption and desorption of the sample. It can be seen that the B and 
C terms are not totally independent of one another as they are respectively inversely and 
directly proportional to the mobile phase velocity u. 

The A term may be lowered if the layer is made up of small, regular particles as in 

commercial HPTLC plates. Small particle size also lowers C by increasing the 

possibility of equilibration. In HPTLC, resistance to mass transfer can usually be 

ignored at normal mobile phase velocities. In conventional TLC with larger particle 

sorbent layers, mass transfer kinetics cannot be ignored (Guiochon et aL, 1978). 

Molecular diffusion (B) is of less importance in liquid chromatography (both column 

and planar) than in gas chromatography. It is longitudinal molecular diffusion that 

controls zone broadening in HPTLC (Guiochon et al., 1978). 

An exact model of TLC is almost impossible to determine because of the complexities 

of the system (Poole, 1988; Guiochon and Siouff; 1978). The mobile, stationary and 

vapour phases in the chamber are not well defined and are changing during 

development. The degree of activation of the plates is impossible to control exactly. 
Evaporation of solvent within the tank (Stewart and Wendel, 1975) and the temperature 

gradient between the front and bulk solvent as the mobile phase moves along the dry 

bed (Miller, 1975) are also major variables. The speed of mobile phase migration is 

dependent on the distance of development, the type and size of sorbent particles, the 
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type of chamber and other variables (Geiss 1987,1988; Guiochon and Siouffi, 1978; 

Poole 1989). Greater control of these parameters may be achieved by use of a low- 

volume horizontal development chamber or by use of OPLC, however even in these 

cases the system is much too complicated to for an exact theoretical description. 

1.1.6.3 Overall effect of band broadening processes 

The figure below shows the contribution of each term in the van Deeniter equation as a 
function of mobile phase velocity as well as their net effect on plate height. Optimum 

efficiency is realised at a flow rate corresponding to the minimum on the thick solid 

curve. The van Deeniter equation provides only an approximation of plate height, and 

several modifications have been developed that give a more precise description of the 

variables affecting column efficiency (Giddings, 1965) 
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Figure 1.2 Relationship between band broadening and mobile phase velocity (van 
Deernter equation) and effect of variables on plate height. 
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1.1.7 Comparison of TLC and HPLC 

HPLC and TLC are both non-destructive unless the compounds are unstable on the 

chromatographic medium or in the mobile phase used, and derivatisation is not 
necessary prior to separation by these techniques. A comparison of HPLC and TLC was 
made by Sherma (199 1). The techniques have similar chromatographic capabilities, 
both can be operated under normal- or reversed-phase conditions, isocratically or with a 

solvent gradient, and similar stationary phases are available for each technique. The 

ultraviolet and fluorescence modes of detection are common to both techniques, but 

each also has alternatives (e. g. refractive index in HPLC and fluorescence quenching in 

TLC). The detection limits are lower with HPLC, ranging from picogram. to nanograrn 

amounts depending upon the mode of detection employed (Geiss, 1987). 

There are some properties of TLC which make it a more flexible technique to be 

considered for the detection of drugs and their intermediates and precursors. An 

important difference in the techniques is that HPLC is dynamic (Snyder and Kirkland, 

1979) whereas TLC is static (although we will see that it can be used as a dynamic 

technique too). With HPLC, after the eluent has passed through the detector, it is lost. In 

the case of TLC, after development, the plate can be scanned again and again if 

necessary as the analyte is immobilised on the plate after drying. Post chromatographic 
derivatisation on TLC is more flexible than with HPLC because reaction times are less 

important and heating can be used for slow reactions. TLC is an archiveable technique 

in terms of detection and for retrieval of separated components for identification. The 

open planar chromatographic bed provides a degree of flexibility that the closed tubular 

columns of HPLC do not have. 

A further advantage of TLC, particularly when an unknown number of compounds is 

present, is that at all times the whole of the sample that has been applied to the plate 

must be between the origin and the solvent front, two limits which are defined clearly. 
When a complex mixture of components with a wide range of polarities has been 

injected into an HPLC column, it is difficult to be certain if the entire sample has been 

eluted and measured at any time. Thus in HPLC there can be loss of peaks, or the 

unexpected appearance of peaks from previous samples. 
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Another point of comparison is that HPLC columns are re-useable whereas TLC plates 

are disposable. A TLC plate is only used one therefore it can be damaged in use, but the 

conditions under which HPLC can be operated are limited by the need for the column to 
be used repeatedly. This might be of importance because it could be necessary to apply 

crude samples to ensure that all analytes are present. Similarly, the choice of solvent is 

not limited in TLC, whereas in HPLC the solvent must be compatible with the column 

packing material. Furthermore, because the solvent is evaporated from the stationary 

phase in TLC before detection, the use of solvents with UV absorbing properties is 

feasible, whereas in a fully dynamic system (HPLC or online TLC) their use would 
hamper detection of analytes of interest. 

In terms of available theoretical plates, HPLC is more efficient than HPTLC. A typical 

HPLC column of 10-20 cm in length packed with 5 ýtrn particles will provide 10-20,000 

theoretical plates. The number of theoretical plates normally available in HPTLC is 

<5,000 for a5 cm development (Geiss, 1987). 

It may be concluded that TLC has a number of unique advantages, which make it an 

attractive technique that complements other methods of analysis. However, there are 

some disadvantages compared to other techniques, the main ones being the limited 

resolving power of capillary driven separations and poorer detection limits as mentioned 

above (Geiss, 1987). Also, TLC may be affected by environmental factors such as 
humidity as it is an open system so control is often necessary. 

As discussed previously, high-performance thin-layer chromatography (HPTLC) has a 

number of attributes, which make it potentially useful for detecting analytes. HPTLC 

itself provides two main chromatographic mechanisms and various modes of operation, 

each of which has advantages in certain applications. 

The mode most widely used is linear development on either square or rectangular 

chromatographic plates. Other modes are circular, in which development is performed 
from the centre of a circle out towards the circumference, and anti-circular in which 
development occurs towards the centre (Kaiser, 1988). Their use can improve resolution 

of strongly retained compounds in the case of circular development and less strongly 

retained components in the case of anti-circular development. Both of these techniques 
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require specialist equipment, and are not generally applicable. Linear development is 

considered to be the most suitable technique for most analytes. 

Chromatographic mechanisms in TLC (and other liquid chromatographic techniques) 

can be divided broadly between normal-phase (adsorbtion) and reversed phase 
(partition) chromatography. 

The separation of analytes in a mixture often requires that the chromatography used 

must be selective to small structural changes as well as being operable over a wide 

polarity range. 

Reversed-phase chromatography can be carried out on a wide variety of stationary 

phases, the most popular being alkyl bonded silicas. Those commonly available for 

TLC are C18, C82 C2. CN and NH2 (the CN and NH2 phases can be used in either the 

normal- or reversed-phase mode). 

Adsorption chromatography can also be carried out on a wide variety of stationary 

phases, but silica and alumina are used most commonly. Silica is used more widely than 

alumina partly because silica HPTLC plates are commercially available and also 

because alumina has the capacity to alter some analytes chemically (Neher, 1958). 

These factors make silica the most reasonable choice between the two phases for the 

present studies. The interactions that occur between silica and molecules on its surface 

are polar, including hydrogen bonding, dipole-dipole, induced dipole-dipole, and pi-pi 

interactions (Unger, 1979). Functional groups that exhibit this type of behaviour include 

hydroxyls, amines, carbonyls, aromatic rings and double bonds. 

1.1.8 Fundamentals of thin layer chromatography 

1.1.8.1 The sorbent layer 

Silica gel is the most common TLC sorbent. It is an amorphous, porous adsorbent. 

Silica gels used in column and planar chromatography are similar; the particle sizes 

used in HPLC and HPTLC are comparable at approximately 4-10 prn (Sherma, 1994). 
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Figure 1.3 Surface groups in silica gel framework 

Normal phase chromatography is used most commonly in TLC: in this mode of 

chromatography, the stationary phase is polar. The -OH groups in the surface layer of 

the silica gel (Figure 1.3) are mainly responsible for the adsorptive properties but there 

are many different types of active sites. The surface hydroxyls form hydrogen bonds 

with polar groups in the substances being adsorbed (Snyder, 1975). 

The ideal condition for general TLC separations is considered to be I 1- 12% water by 

weight in the silica gel (Felton, 1979). This amount leaves the most plentiful mid- 

activity adsorption sites, the most active sites being attached to the water. This level of 

water is achieved when silica gel is at equilibrium with air having a relative humidity of 
50% at 20 *C, conditions that are approximated in most laboratories. Heat activation is, 

therefore, often not required prior to TLC. 

Many other types of sorbent layer are available for TLC. These include reversed-phase 

layers (where a long chain hydrocarbon or other organic compound is bound to the 

silica gel); these non-polar layers strongly attract non-polar compounds whilst polar 

compounds move readily - the opposite of what happens with a normal-phase polar 

layer. Other layer types available include alumina (crystalline A1203). cellulose, and 

Kieselguhr (mainly Si02)- 

1.1.8.2 The mobile phase 

The mobile phase (also called the solvent system) is usually chosen based on experience 

and the literature, and optimised if necessary. It is normally possible to find a layer - 
solvent combination reported for compounds of interest or similar compounds. Several 
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handbooks and review articles are available detailing these (Kirchner, 1978; Meyers, 

2000; Sherma, 2000). As the mobile phase competes with the chromatographed 

substances for sorbent sites, polar substances will require a polar solvent to effect 

migration on a normal phase silica gel layer. A stronger solvent would increase the Rf 

value and in normal phase TLC would be more polar. In reversed phase TLC the 

converse is true; non-polar substances are attracted to the layer and non-polar mobile 

phases are needed to effect migration (stronger solvents are more non-polar). In 

adsorption chromatography solvents can be grouped into an elutropic series according 

to their elution strength (Table 1.1); solvent strength, co, increases with the polarity of 

the solvent. The polarity is conveniently expressed by the dielectric constant (E, ). 

Chromatography grade solvents should always be used. 

Table 1.1 Solvent strength data for some common solvents (Adapted from Fried and 
Sherma, 1994) 

Solvent Dielectric constant (c, ) Solvent strength (c) 

Methanol 37.5 0.95 

Acetonitrile 32.6 0.65 

Toluene 2.4 0.29 

Xylene 2.4 0.26 

Carbon tetrachloride 2.2 0.18 

Pentane 1.8 0.00 

Several approaches have been used for mobile phase optimisation when complex 

mixtures are to be separated (Geiss, 1987; Nyiredy, 1988). All optimisation approaches 
involve the use of some statistical design to select a series of solvents for evaluation or 

to indicate the best system by comparing the results obtained from an arbitrarily 

selected group of solvents (Snyder, 1974; Poole and Poole, 1991). 
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1.1.8.3 Retardation and retention factor 

In thin layer chromatography the stationary phase consists of a thin layer of sorbent 

coated on an inert backing material. The sample is applied to the layer as a spot or band 

near the bottom edge of the plate. Separation is carried out in an enclosed chamber by 

either movement of solvent through the layer by capillary forces or forcing the mobile 

phase at a controlled velocity by application of an external pressure gradient. A 

separation of the sample results from the different rates of migration of the sample 

components in the direction travelled by the mobile phase. The sample components are 

separated in space; their position and quantity are subsequently determined by visual 

evaluation, elution or in situ densitometry. 

The fundamental parameter used to characterise the position of a spot or band in a TLC 

chromatogram is the retardation factor, or Rf value. The Rf value represents the ratio of 

the distance migrated by the sample compared with that travelled by the solvent front. 

The Rf for linear development is given by equation 1.9. 

Rf =- 
(zf - Z. ) 

(1.9) 

where z,, is the distance travelled by the sample from its origin, zf the distance travelled 

by the mobile phase and z,, the distance from the sample origin to the position used as 

the origin for the mobile phase. The boundary conditions for Rf values are given in 

equation 1.10: 

I ý: Rf ý: O (1.10) 

When Rf is equal to zero, the spot does not migrate from the origin. When Rf is equal to 

one, the spot is unretained by the stationary phase and migrates with the solvent front. 

Although Rf values are widely quoted, they are difficult to determine accurately (Geiss, 

1987). Systematic errors result from the difficulty in locating the exact position of the 

solvent front. If the adsorbent layer, mobile phase and vapour phase are not in 

equilibrium then condensation of the vapour phase or evaporation of the mobile phase 
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in the region of the solvent front will give an erroneous Rf value. This value may be 

either too high or low, depending on the prevailing conditions (Snyder and Poppe, 

1980). 

1.1.8.4 Solvent migration through porous layers 

In the absence of any other external force, the mobile phase flows through the sorbent 
layer by capillary action. The flow of solvent at the developing front is generally 

unsaturated and the speed at which the developing front moves is dependent on the 

experimental conditions (Guiochon and Siouffi, 1978). Capillary forces are stronger in 

the narrower interparticle channels in the layer, leading to more rapid advancement of 
the mobile phase. Larger pores behind the solvent front are filled more slowly, resulting 
in an increased thickness of the layer. If the vapour phase and mobile phase are not in 

equilibrium, evaporation will cause a loss of mobile phase from the plate surface and a 
decrease in the solvent front velocity. Also, the dry layer ahead of the solvent front 

progressively adsorbs vapour, filling some of the pores and interparticle channels, 
increasing the apparent velocity with which the solvent front migrates. For mixed- 

solvent systems, a solvent composition gradient is produced during chromatography due 

to selective adsorption of one component by the stationary phase or selective 

permeation of the channels and pores (Poole and Poole, 1993). Even nominally single- 

component mobile phases can exhibit impurity gradients. Gaining satisfactory control of 
the above processes in large volume chambers is almost impossible. The employment of 

various kinds of sandwich chambers (which eliminate or minimise contact of the 

sorbent layer with the vapour phase) can provide reasonable control over the mobile 

phase velocity. 

It is an empirical fact that when the solvated plate is in equilibrium with the vapour 

phase the position of the solvent front with respect to time is reasonably represented by 

Zf' = k, t (I. 11) 
where k, is the velocity constant (units M2 s-) and t is the time from contacting the 

sorbent layer with the solvent (Poole and Poole, 199 1). After differentiation of equation 
1.11 the velocity of the solvent front is given by 
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uf 
k, 

- (1.12) 
2Zf 

where uf is the solvent front velocity. If equilibrium does not exist then the situation 
becomes far more complex. Equation 1.12 indicates the well-known undesirable effect 

associated with capillary controlled flow chromatography. That is decreasing solvent 

velocity with increasing migration distance, resulting in longer separation times and a 

reduced separation potential. 

The velocity constant, k, is related to properties of the solvent and stationary phase by 

equation 1.13 (Poole and Poole, 1991) 

kv = 2K. dp 2ý cos 0 
(17) 

(1.13) 

where K,, is the permeability constant of the layer, dp the average particle diameter, ythe 

surface tension of the mobile phase, 77 the mobile phase viscosity and 0 the contact 

angle. 

The permeability constant is a dimensionless constant which allows for the pore size 
distribution, the effect of porosity on the permeability of the layer, and the ratio of the 

bulk liquid velocity to the solvent front. Experimental values vary according to layer 

type but typical values fall in the range 0.001 - 0.002 and are not very different from 

typical values for slurry-packed HPLC columns. 

Equation 1.13 indicates that the velocity constant should increase linearly with the 

average particle size. The solvent front velocity should be larger for layers with coarse 

particles than for layers with finer particles, and this is in good agreement with 

experimental results (Geiss, 1988). 

Also from equation 1.13 it is clear than the velocity constant depends linearly on the 

ratio of the surface tension of the solvent to its viscosity and that solvents which 
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maximise this ratio (rather than having a high value of yor a low value of q) are 

preferred for TLC (Poole 1989). The contact angle for most organic solvents on silica 

gel is generally close to zero and since cos O= I the term is normally unimportant when 

making a choice between solvents. This is not generally the case on reversed-phase 
layers. 

The above discussion relates to layers unperturbed by the presence of a vapour phase, or 

with complete vapour equilibrium. In practice, most separations are carried out in large 

volume chambers in the presence of a vapour phase. It is almost impossible to fully 

saturate such chambers, so a temporal and spatial vapour equilibrium in unlikely to 

exist. Two opposing phenomena can be expected to influence the rate of solvent 

migration. Vaporisation of solvent from the wetted layer might reasonably be expected 

to depend on the wetted surface area of the plate and the vapour pressure of solvent in 

the tank. The loss of solvent from the layer will result in a reduction of the mobile phase 

velocity from that indicated by equation 1.12. When the dried plate is placed in the 

developing chamber it progressively adsorbs solvent vapour. The pores of the unwetted 
layer ahead of the solvent front fill slowly with adsorbed vapour and the apparent 

porosity of the layer diminishes. Since the porosity of the layer decreases, the velocity 

constant increases slowly with increasing time. The effect of vaporisation is generally 

small if the atmosphere of the tank is close to saturation whilst adsorption of solvent 

vapours by the dry sorbent will tend to dominate. Thus, the mobile phase velocity in a 
large volume chamber will tend to be greater than that given by equation 1.12 and 

should increase continually with time, if the layer is not conditioned in the chamber 

prior to development. This is illustrated in Figure 1.4 (Kalasz, 1984). 

Forced flow development enables the mobile phase velocity to be optimised without 

regard to the deficiencies of a capillary controlled flow system (Kalasz, 1984; Tyihak 

and Mincsovics, 1988). Two types of forced flow development are rotational planar 

chromatography (RPQ and over-pressure liquid chromatography (OPLC). In RPC, 

centrifugal force is generated by spinning the sorbent layer about a central axis and is 

used to drive the solvent through the layer (Nyiredy et al., 1989). The rate of solvent 

migration is a function of the speed of rotation and also the rate at which the mobile 

phase is delivered to the sorbent layer. Since the layer is not enclosed in RPC, the 
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velocity of the solvent front is limited by the amount of solvent that can be kept within 

the layer before it begins to float over the surface. At high rotation speeds the velocity 

of the solvent front becomes approximately constant in the linear development mode. 

e 
12 Enclosed layer 

forced flow 
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N 

cn 06 

t&2.4 

>2 
0 rn 0 

Time / min 

Enclosed layer 
capillary 
Covered layer 
capillary 
Exposed layer 
capillary 

Figure 1.4 Relationship between solvent front position and time for an enclosed layer 
with forced flow development, an exposed layer in a saturated chamber with capillary 
controlled development, a covered layer (sandwich chamber) with capillary controlled 
flow, and an exposed layer in an unsaturated atmosphere with capillary controlled flow. 
Adapted from Poole (1989). 

In OPLC the sorbent layer is sealed with a flexible membrane or an optically flat, rigid 

surface under hydraulic pressure and the mobile phase is delivered to the layer by a 

pump (Witkiewicz and Bladek, 1986). The mobile phase velocity can be controlled and 

optimised by adjusting the volume delivered by the pump. In the linear development 

mode the mobile phase velocity will be constant and the position of the solvent front 

position is described by 

Zf = Uff (1.14) 

where uff is the linear velocity of the mobile phase under forced flow development 

conditions. 
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1.1.8.5 Band broadening and the plate height equation 

The ultimate chromatographic performance and therefore resolution of a TLC plate is 

dependent on several parameters: the velocity constant of the mobile phase, the 

diffusion coefficient of the substance in the mobile phase, the mean particle diameter, 

and the particle size distribution of the stationary phase. Also, the presence of binder 

certainly has an effect but this is not easy to measure. Performance is improved by using 

particles of a narrow size distribution. Modem HPTLC plates are prepared from 

particles of small diameter and, more importantly, of a very narrow size distribution. 

Separations on these plates are characterised by compact symmetrical spots, with the 

exception of components eluting close to the solvent front. Zone broadening is 

dominated by molecular diffusion. The plate height contribution from resistance to mass 

transfer can be ignored at normal mobile phase velocities. For conventional TLC plates, 

elongated and irregular spots are not uncommon, and in this case the contribution of 

mass transfer kinetics to spot broadening cannot be ignored. 

Layer efficiency can be evaluated in terms of the chromatographic parameters 
introduced in section 1.1.5.2; number of theoretical plates, N, and the height equivalent 

to a theoretical plate, H. There are however, some features of TLC that are different 

from column chromatographic systems, for which the parameters introduced above have 

been more widely adopted. In column chromatographic techniques, all substances 

travel the same migration distance (the length of the column). This contrasts with TLC, 

where all substances have the same diffusion time (the plate is developed for a fixed 

time) but migration distances vary. The chromatographic measures of performance in 

TLC (N, B) are all correlated to the migration distance of the substance. Their numerical 

values are evaluated for a specific Rf value and are thus dependent on their position in 

the chromatogram. 

In modem TLC the distribution of sample within a spot is essentially Gaussian and the 

observed number of theoretical plates, Nobs, and plate height, H, 6sý can be expressed by 

the equations 
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where W is a parameter describing the peak width and a is a scaling factor. When W is 

the peak width at the base (determined from densitometric recordings), a has a value of 

16, and when W is the peak width at half height, a is 5.54. It is clear from the equations 

above that there is a dependency between Nobs or Hob, and the sample migration 
distance. The plate height decreases linearly with the reciprocal of the Rf value. 

An alternative method of determining the plate height can be developed based on the 
linear extrapolation of the peak width at half height (symbol b, equivalent to Wh (eqn 

1.4)) as a function of Rf. This is done to determine the expected peak widths at half 

height corresponding to Rf =0 (b,, ) and Rf =I (bi) as shown in Figure 1.5 (Poole, 1988). 

bi 

A- 

ce u 
12.4 

bo 

Zf 

Figure 1.5 Typical change in peak width at half height as a function of migration 
distance on a HPTLC plate. The values for bo and b, are calculated by extrapolation 
using linear regression. (Adapted from Poole, 1998) 
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The real plate number, (Neal) and the real plate height (Heal) can then be defined 

according to the following equations 

2 

N, 
r = 5.54 Z. (1.17) 
, al (bx -bo» 

Hrea, = 
(bx - bo )2 

5.54zx 

This approach recognises the importance of the starting zone dimensions on the plate 
height value and provides a simple means to normalise plate height values using the b 

values calculated from linear regression. The value for &. 1 at Rf =I is not realisable in 

practice, since spots moving close to the solvent front are generally distorted and 
flattened in the direction of migration. 

Ideally, to maximise Nreal, bo should be small compared to bl. In practice the 

extrapolated value for bo will generally exceed the value obtained densitometrically for 

the initial starting zone, due to the very rapid expansion and reshaping of the zone 

which occurs as the mobile phase first reaches the starting zone. In this region, the 

solvent velocity is high, uneven, and the sample requires a finite time to equilibrate with 
the mobile phase. The extrapolated value is then a more realistic value of the zone 
dimensions at the beginning of migration than the value recorded for the spot 
dimensions prior to contact with the solvent. The eventual spot width is independent of 
the initial spot size for spots about I mm in diameter (Fenimore, 1980). Thus, bo is 

determined by layer quality primarily and is always finite compared to the size of 
developed spots (generally <5 mm). 

The influence of the layer structure on the plate height can only be interpreted with the 

aid of a suitable model (Siouffi et aL, 198 1). The treatment by Siouffi et aL assumes 
that the TLC plate has the properties of a normal column bed, the local plate height is 

described by the Knox equation (Knox, 1980), and that the velocity of the eluent is 

constant at all points in the layer at a given time with the velocity decreasing with time. 
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Equation 1.19 was then derived for the average plate height (Guiochon and Siouffi, 

1978). 

H= 
(Zf a 

Z. 

)(zf 
2/3 

_ zo 2/3 )+b(Zf 
+Z. )+ c (Zf 

_Z. 

) 
log(z. 

The coefficients a, b, and c are functions of experimental parameters (Poole, 1988). The 

c term is rarely significant and can be neglected in most cases. The a term may be 

neglected for fine particle layers (dp < 10 gm) but must be considered for coarse particle 
layers. 

In a qualitative sense, equation 1.19 predicts that under capillary flow controlled 

conditions with fine particle layers, the plate height first passes through a minimum and 

then increases sharply for longer migration distances. For coarse particle layers the plate 

height is less dependent on the migration distance and eventually the two curves cross 

over, indicating that a greater number of theoretical plates can be obtained using coarse 

particle layers and long migration distances. This is illustrated in Figure 1.6. 
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Figure 1.6 Variation of the average plate height as a function of the solvent migration 
distance. Adapted from Poole (1988). 
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This contrary finding is easily explained by the relative permeability of the layers. The 

mobile phase velocity for fine particle layers declines sharply with migration distance 

until eventually the zone broadening becomes diffusion controlled (the b term in 

equation 1.20). The coarse particle layer is more permeable (equation 1.13) and so the 

solvent velocity is higher for longer plate lengths and the efficiency is greater. For fine 

particle layers, 2,500 to 5,000 theoretical plates should be possible with a development 

length of about 5 cm. However, it will be difficult to exceed this number with capillary 

controlled development. For coarse particle layers a development length of about 15 cm 

will be required to obtain around 5,000 theoretical plates and although possible to 

exceed this number, in practice it is very difficult and leads to long separation times. 

TLC plates often have a wide particle size distribution and may provide only a fraction 

of the number of theoretical plates calculated theoretically. 

In forced flow TLC the average plate height is largely independent of the migration 
distance and is smaller for fine than for coarse particle layers (see Figure 1.6 above). 
This arises from the control of mobile phase velocity by external force, overcoming the 

limitations of capillary flow where there is a quadratic decrease in mobile phase 

velocity with time. In forced flow development there is an optimum linear velocity for a 
fixed development length corresponding to a minimum plot of average plate height as a 
function of mobile phase velocity (Hauck and Jost, 1983). 

This optimum value decreases with the migration distance and becomes approximately 

constant for migration distances exceeding about 25 cm. Compared with capillary flow 

controlled systems zone broadening by diffusion is now restricted to a minor role even 
for long migration distances, since the optimum mobile phase velocity is always higher 

than that observed for ascending development by capillary flow. The average plate 
height in forced flow TLC is approximately constant, so that the number of theoretical 

plates increases linearly with the solvent migration distance. Plate height values as low 

as 8 ýtm have been observed, corresponding to a limit of 3 1,000 theoretical plates for a 

substance migrating 25 cm (Poole and Poole, 1991). The ultimate efficiency of forced 

flow systems is limited only by the layer particle size, the available plate length and the 

pressure required to maintain the optimum mobile phase velocity. 
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1.1.8.6 Resolution and separation capacity 

The resolution, R between two sample zones is defined as the ratio between the 

separation of the two zone centres and the average width of the zones. This is expressed 
in equation 1.20 (Snyder and Saunders, 1969; Poole and Poole, 1989) 

R 
dz 

"2 FWI 
+ W2)/2 

(1.20) 

where d, is the distance between the zone centres, Wb the width of the zone at its base, 

and the subscripts I and 2 refer to the zones, numbered such that the larger number 
corresponds to the zone with the highest Rf value. 

d 
, 4-0. 

w2 

F 
Figure 1.7 Chromatographic resolution determined from spots as the ratio of the 
separation of zone centres (d. ) to the average zone width (WI and W2). Where X is the 
origin, F is the final solvent front position and the large arrow shows the direction of 
development. 

It should be noted that retention parameters such as Rf are significant to onlY one 

component and are invariant in a given solvent system. Parameters such as resolution 

are component pair specific. 
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The potential of a chromatographic system to provide a certain separation can be 

estimated from the separation number, SN, also referred to as the spot capacity. The 

separation number in TLC is defined as the number of spots that can be completely 

separated (R = 1) between Rf =0 and Rf =I (Zlatkis and Kaiser, 1977). It may be 

calculated in an approximate form by equation 1.24 with bo and b, as defined in figure 

1.5. 

SN =( (bo +bl) 

)- 
I (1.24) 

Models used to interpret separation number are not straightforward as the separation 

number is a complex function of various characteristics of solvent and layer as well as 

other parameters such as development length (Guiochon and Siouffi 1982). The results 
show that with capillary controlled flow it should be easy to achieve a separation 

number of 10 to 20, but it is extremely difficult to reach 25. 

An analogy that describes the separation number envisages the chromatograrn as being 

similar to a string of beads, each bead touching the next with no space on the string 
between them. The separation number is thus a high estimate of the real separation 

capacity, since real chromatograms do not normally consist of evenly spaced peaks. In 

general, unless the separation number exceeds the number of components in the sample 
by a significant amount the separation will be difficult to achieve. An alternative 

equation for resolution is 

k 
0.25( aaI )N' /2 (1+ ' 

P) 
(1.25) 

this equation shows that resolution is a function of three factors, selectivity (a), number 

of theoretical plates (N), and retention factor (k). Selectivity is related to the ability to 

separate zones (difference in Rf values), the number of theoretical plates measures zone 
spreading throughout the chromatographic system The retention factor describes 

retention of a component by the stationary phase (Snyder, 1971). 
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It can be seen clearly that for optimum resolution values of a and N should be large and 
that k' should be within its optimum range. 

1.2 History of TLC development 

1.2.1 Historical background 

The term "chromatography" denotes a procedure in which a solution of substances to be 

separated is passed, in a direction determined by the arrangement of the apparatus, over 

a stationary phase, resulting in retention of the individual components to different 

extents. The underlying mechanisms are the partitioning of the moving compounds 
between the mobile and stationary phases and the reversibility of the process. If 

physical surface forces are mainly involved then the procedure is referred to as 

adsorption chromatography. In practice, a combination of adsorption and partition 

chromatography is usually involved, with one of the types predominating. 

Adsorption chromatography was discovered by Michael Tswett (1903). Tswett found 

that plant pigments could be separated by filtering a solution of them in petroleum ether 

through a column of calcium carbonate. He noticed that different coloured zones were 
formed on the column. 

The real development of adsorption chromatography began in 1931 when Kuhn and 
Lederer (Kuhn and Lederer 193 1) introduced the method into preparative chemistry of 

pigments. The paper describes a separation of carotene and an isolation of a- and 
carotene. 

Adsorption chromatography is primarily suitable for separating lipophilic substances. 
There was no chromatographic method suitable for separating hydrophilic substances 

until Martin and Synge (194 1) introduced partition chromatography. They used silica 

gel columns containing definite amounts of water. The compounds were adsorbed on 
the column and then developed with suitable organic solvents. The mobile organic 

phase transported the compounds over the stationary aqueous phase and the transported 
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compounds were partitioned between the two phases. The Nobel Prize for Chemistry 

was awarded for this work in 1952. 

The silica gel support was then replaced by strips of paper and so paper chromatography 

was invented (Consden et aL, 1944). A rapid development in paper chromatography 
followed after amino acids were successfully separated. It was possible to use 

milligrams of material for analysis instead of tens of grams required by classical 

procedures. 

It was ten years or so before the limitations of paper chromatography were clearly 

recognised. Considerable difficulties are encountered when the method is applied to 

lipophilic substances, which are easily separated by the Tswett adsorption procedure. 
There was no generally applicable technique for analytical adsorption chromatography, 

although Izmailov and Schraiber (1938) had already described the principle of thin- 

layer chromatography (TLC). They dusted aluminium oxide onto glass plates and 

separated various substances on the loose layers. Meinhard and Hall (1949) were the 

first to use a binding agent (starch) to give the layers greater mechanical stability, in 

order to hold the stationary phase onto a microscope slide in this case. The procedure 

was developed further by Kirchner and Miller and its applicability to the separation and 
identification of terpenes was demonstrated (Kirchner et al., 195 1). Whereas these 

authors used narrow strips of glass (chromatostrips), Reitsema (1954) used wider glass 

plates (chromatoplates) on which several samples could be chromatographed side by 

side or two-dimensional chromatographs could be run. 

Thin-layer chromatography was first introduced as a procedure for analytical adsorption 

chromatography by Stahl (1956,1958,1959 and 1961). He described a practicable 
device for preparing layers about 250 pm thick of a special adsorbent Kieselgel G 

(silica gel with a plaster of Paris binder). 

The historical development of thin-layer chromatography (TLC) has been documented 

by Stahl (1969), and Jupille (1977) reviewed the principles, practice and potential of 
TLC with particular reference to high-performance (HP)TLC which was emerging as a 

technique with significant advantages over traditional TLC at about that time. 
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According to Kirchner (1973) the principle of TLC was first known in 18 89 when the 
Dutch biologist Beyerinck allowed a drop of a mixture of hydrochloric and sulfuric 

acids to fall through a thin layer of gelatin. The hydrochloric acid travelled faster, 

forming a ring around the sulfuric acid. 

Stahl first used the term 'thin-layer chromatography' in 1956, and in 1958 

recommended standard conditions for the technique were published following 

production of special grade silica by Merck and the manufacture of basic equipment and 

accessories by Desaga (Stahl, 1983). TLC was used extensively as a quantitative 

technique up until and during the 1970s and continues to be widely used, principally for 

qualitative analysis by synthetic chemists. The instrumental development of gas 

chromatography occurred in parallel with further development of TLC, and the 

separating capacity of the fine particle size layers used in TLC stimulated attempts to 

pack tubular columns with these materials. Success with this led to the development of 
high-performance liquid chromatography (HPLC), a technique, which lends itself 

readily to automated instrumentation. The popularity of HPLC meant that in many areas 
it gradually replaced TLC during the 1980s. This is reflected by the large increase in 

publications referring to HPLC during this time (Lochmuller, 1987), and the tendency 

of some authors to ignore the current value and potential of TLC. 

1.2.2 High performance thin layer chromatography (HPTLC) 

Zlatkis and Kaiser edited a book on high-performance thin-layer chromatography, 

which helped to stimulate renewed interest in TLC (Zlatkis and Kaiser, 1977). In an 

article entitled "HPTLC: taking off', Borman (1982) described the differences between 

conventional and high-performance TLC. The main feature that resulted in the increased 

performance was the use of finer sized silica material with a much tighter particle size 
distribution (4-8 ýtm in HPTLC in contrast to 5-20 pni in TLC). The greater resolution 

obtained meant that shorter development distances were required to effect separation 

and hence the separation time was reduced along with solvent consumption. The thinner 
layer on HPTLC plates (typically 100 pm for HPTLC, 200 pm for TLC) has a smaller 

sample capacity than conventional TLC plates, thus to prevent overloading and to 

minimise spot spreading on sample application, smaller volumes are applied. 
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Various authors described the advances in instrumentation, mainly in sample 

application, plate development and quantification which occurred around 1980 

(Fenimore and Davis, 198 1). These increased the sample throughput of HPTLC and 

also the accuracy and precision of the technique. Many of these early reviews and a 

more recent review on modem TLC (Poole and Poole, 1989) emphasise the economy of 
HPTLC in terms of high sample throughput compared with HPLC. 

1.3 Recent developments 

1.3.1 Overpressured-layer chromatography (OPLQ 

Recent advances in forced flow planar chromatography have been reviewed by Nurok 

(2000) and Nyiredy (2003). Both authors highlight the development of overpressured 
layer chromatography (OPLC) in which the mobile phase is forced along the 

chromatographic bed by an external pump as in HPLC. The technique may be operated 
in an online fashion (as in HPLQ, in which the mobile phase is allowed to flow directly 

into a detector, or offline where the plate is dried after development and measured as in 

conventional TLC. The major advantages are the ability to operate at the optimum flow 

rate in order to improve efflciency and analyse complex mixtures (Botz et al., 1990), the 

ability to develop several plates simultaneously in order to facilitate high throughput 

screening (Tyihak and Mincsovics, 1989), and the possibility of predicting column 

separations by using results from OPLC separations (Nyiredy et al., 1990). 

1.3.2 Electro-planar chromatography (EPQ 

Nurok and Nyiredy also both described advances in electro-planar chromatography. 
Applying an electric field across a wet TLC layer containing ionised silanol groups and 

mobile ions results in an electroosmotic flow. In principle the electric field can be 

selected to yield an optimal flow velocity, which is independent of the distance travelled 

by the mobile phase and, under most conditions, the particle diameter. The expected 

plug flow profile should have a uniform cross sectional velocity and result in higher 

efficiencies than the laminar profile in a pressure driven system. These combined 

properties should yield a fast and efficient system when working with small particles 
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and a high electric field. The speed of the technique has been confirmed for normal 

phase chromatography, analysis time being twelve times faster than with conventional 
TLC (Howard, 1999). Separation in the reversed-phase mode was found to be two to 

three times faster (Nurok, 2000). 

1.3.3 Enantiomeric separations 

Separation of enantiomers has become a well-established technique in many fields over 
the last decade. The literature on enantiomeric TLC separations has recently been 

reviewed by Bereznitski et al. (2001). They commented that TLC has three major 

advantages. Firstly, the detection of analytes in TLC is more flexible than in HPLC, 

including techniques such as Raman spectroscopy (Koglin, 1994) and mass 

spectrometry (Busch, 1992). Secondly, sample throughput is higher in TLC than in 

HPLC and, thirdly, the possibility of using different types of interactions in 2- 

dimensional TLC can deliver excellent separations. 

1.3.4 Ultra thin layer chromatography 

The need for layers with smaller average particle sizes to improve performance and 

separation speed was identified by Poole in his review article "Planar chromatography 

at the turn of the century" (Poole 1999). Shortly after this monolithic HPLC column 

technology (Hjerten el aL, 1989) was applied to planar chromatography (Hauck et aL, 
2001). In contrast to normal TLC or HPTLC plates, these layers are not based on 

granular adsorbents but have a monolithic structure based on a silica gel matrix, so there 

are no separate particles. Also, no binder is necessary to fix the layer onto the glass 

support. This new mode of Planar chromatography was first described in 2001 (Hauck 

et aL, 2001); several qualitative separations were presented but no quantitative work. 
More separations were published in 2003 (Hauck and Schulz, 2003) along with some 
discussion of the advantages and drawbacks of the technique. A comparison of UTLC 

with other modes of planar chromatography is presented in Table 1.2. 

The advantages of UTLC are high separation efficiency leading to short migration 
distances and short development times, along with low solvent consumption. 
Disadvantages are that the number of substances that can be separated in a short 
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distance is limited. This is largely because appropriate equipment has yet to be 

developed in order to get the best out of the plates; crucially, sample application of very 

small volumes, development chambers for very small plates and evaluation techniques 

with very high resolution. 

Table 1.2 Comparison of different modes of planar chromatography (adapted from 
Geiss, 1987). 

TLC HPTLC UTLC 

Typical layer thickness / prn 200 100-200 10 

Sample application volume nL 1000-5000 500-1000 5-20 

Solvent migration distance cm 10-15 3-7 1-3 

Development time / min 
Solvent consumption mL 
Average particle size pra 

Particle size distribution / pm 

15-200 5-30 1-6 

100 20 1-4 
10-12 5-6 - 
5-20 4-8 

1.4 Development of CCD cameras 

1.4.1 History of charge transfer devices 

The term 'charge transfer device' is generally used to describe a family of solid-state 
devices which, when a sequence of pulses is applied to them, move quantities of 

electrical charge in a controlled manner across a semiconductor substrate. These 

devices, which include charge coupled devices (CCDs) and 'bucket brigade devices' 

perform a wide range of functions, which includes image sensing, data storage, signal 

processing and logic operations (Benyon, 1980). 

In 1970, Boyle and Smith at the Bell Laboratories suggested that capacitors closely 

spaced on an isolated semiconductor surface could be used to store and transfer 
electrical charge (Boyle and Smith, 1970). When pulsed with voltages in a suitable 
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sequence, moving potential wells, each carrying packets of minority carriers, would be 

generated. The first CCD used as an optical device was announced in 1970 and 

consisted ofjust three aluminium electrodes, each 100 ýun by 100 [Lm, separated by 3 

gin gaps and deposited on an oxide film grown on an n-type silicon substrate (Amelio et 

aL, 1970). Soon after this, the first CCD with 8 bits readout was demonstrated 

(Tompsett, 1970 and 1972) as a simple linear image sensor and a few years later a 
13,000 element CCD was produced for use as an image sensor for low-resolution 

television work (Sequin, 1974). 

Throughout the 1970s there followed a rapid development of the CCD as a televisual 

sensor by the large semiconductor manufacturers, who recognised the potential of such 

a device. When mass-produced devices become available, scientists were quick to 

recognise this potential and developed systems using CCDs, particularly for 

astronomical applications where the low noise and high quantum efficiency could be 

exploited. This, together with the suitability of the sensor for computer acquisition of 
image data has meant that the use of these devices in the scientific world has grown 

considerably, with CCI)s being used not only in ground-based equipment but also on 

space-borne ventures such as the Hubble telescope. Commercially, they are now widely 

used for TV and radio applications where they allow very compact camera systems to 

be built. Sweedler and Epperson reviewed the theory, design, operation, and analytical 

applications of CCD cameras in two related articles (Sweedler et aL, 1988; Epperson et 

aL, 1988). The earliest use of a CCD for spectroscopy was the evaluation of a linear 

detector for molecular absorption spectroscopy (Ratzlaff and Paul, 1979). 

1.4.2 Operation of a charge coupled device 

The CCD basically consists of a thin slice of silicon substrate covered by a two 
dimensional array of electrodes which are separated by oxide insulation layers. A cross 
section of a typical CCD is shown in Figure 1.8. 

32 



The electrodes are held at different potentials and, when the CCD is exposed, photons 

of light incident on the surface of the CCD pass through the electrodes and cause 

electrons to be generated in a doped depletion laver on the silicon substrate. These 

electrons are held in position by the applied voltages oii the electrodes and are stored iii 

potential wells. This active part is called the channel and is surrounded by 111active 

channel-stop regions 

Incident Photons 

I, lectrodes 
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4 

A 

Channel Stop 
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Flectrons in Depletion Laycr 

Figure 1.8 Cross section of CCD 

After the CCD has been exposed to light, the accUrnUlated charge in each potential wc1l 
is then transferred (or coupled) to ad . jacent electrodes by altering then- relative 

potentials. In this \, vay the charge pattern. corresponding to the pattern ol'intcnsitý of 
light, may be moved alono the CCD array and into in output register and amplificr for 

digitisation. 

A common type of CCD is known as a *three phase CCD". In this type of C'CD the 

silicon is covered NNith three sets of electrode strips, each set ofelectrocles belm, isolated 

fi-0111 tile SUbstrate and from one another. One ofthe three electrodes is blased more 

positively than the other tx\o, and it is under this one that the gencrated electrons are 

accumulated. 
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The electrons are restrained from moving along the length of tile electrode by channel 

stops, which are regions of heavily doped material. Their negative charge repels 

electrons and prevents movement across the stop. This defines the pixel extent in that 

direction as illustrated in Figure 1.9 

Parallel Transfer Electrodes 

Figure 1.9 Layout of a three-phase CCD 

1.4.3 CCD readout 

The electrodes are grouped into two sections; the image and readout section used to 

transfer the charges in each line to a charge detection amplifier. which converts the 

charge into a voltage for output to external circuitry. The electrodes are constrLICted 
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from polycrystalline silicon, which is semi-transparent to light. An image is focussed 

onto the image section, and photons penetrate the electrodes, generating electron-hole 

pairs in the silicon substrate underneath. The electrons diffuse to the nearest biased 

electrode where they are collected as signal and the holes diffuse down into the 

substrate where they are effectively lost. Therefore, the quantity of charge collected is 

proportional to the local light intensity and the collection time. 

Following this collection, or integration, period, all the separate charges that have been 

collected in the image section are transferred up one line by applying drive pulses to the 

electrodes in the image section. The top line gets transferred into the readout register. 
This line of charges is transferred sequentially by the read-out pulses into the on-chip 

charge detection amplifier where it is converted from a charge signal to a voltage signal 
for external output. The next line is read out in the same way, and so on, until the whole 
charge pattern has been transferred. 

1.4.4 Characteristics and limitations 

1.4.4.1 Resolution 

The resolution of a CCD is determined horizontally by the element spacing of the 

charge transfer columns (as defined by the channel-stop regions), and vertically by the 

centre-to-centre spacing of the CCD elements. It should be noted that any image detail 

that has a spatial frequency close to the sampling frequency (e. g. lines that have similar 
distances to the horizontal or vertical element spacing) can give rise to intensity 

modulations on the displayed image in the form of 'beating' between the two 
frequencies, commonly called 'alias' or 'moire' patterns. These arise because the 

maximum and minimum intensities do not always coincide fully with a sensor element. 
This is a fundamental limitation of all solid-state image sensors that have discrete 

elements, and there is unfortunately no solution at present to this problem (Burt, 1980). 
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1.4.4.2 Optical response 

The range of light levels over which a CCD sensor operates is dependent on the 

quantum efficiency, a measure of the light-to-charge conversion process, the signal 

handling capability and noise of the device once the charges have been generated. 
Quantum efficiency is defined as the mean number of free electrons created by one 

photon incident on the detector. A quantum efficiency of 100% means that an electron- 

hole pair is generated for every incident photon. For a CCD, only those photons that 

penetrate the electrode layer will contribute to the signal; losses will occur because of 

optical interference, reflection and absorption in the electrode layer. Loss of response 

occurs at both ends of the spectrum: at shorter wavelengths (towards the blue) because 

of absorption in the electrodes, and at longer wavelengths (near infra-red) because the 

electrons are generated too deeply for collection. Figure 1.10 shows the typical quantum 

efficiencies of types of CCD sensors 
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Figure 1.10 Typical quantum efficiencies of CCD sensor types as a function of 
wavelength. (AstroCam Ltd, 1995) 

The optical response at lower wavelengths may be enhanced in two ways. Firstly, by 

use of a back-thinned CCD chip and back illumination, the photons do not have to pass 
through the covering electrodes so a much higher efficiency is achieved, especially in 
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the blue region. The second method is by use of a phosphor coating, which typically 

absorbs strongly between 90-480 nm and emits green light at around 560 nm, extending 
the sensitivity of the CCD at approximately 15% quantum efficiency over the region 

covered by the coating. These coatings (e. g. coronene) were first developed for use with 

space telescopes (Blouke et al., 1980). 

1.4.4.3 Dark current 

This effect arises from the thermal generation of electrons that accumulate in the CCD 

and add directly to the image signal. A typical figure for this dark current is I% or less 

of the peak signal level. The resulting fixed pattern noise tends to set a minimum light 
intensity below which imaging is not practical at room temperature. If the device is 

operated at lower temperatures, however, the dark current noise can be reduced 
significantly, thereby facilitating better detection limits. Cooling to temperatures readily 
achieved with thermoelectric cooling (-20 to -40 'C) reduces the dark current by 100- 
1000 fold (Table 1.3) At this level other noise sources become significant and further 

cooling is not usually worthwhile unless both the lowest dark current and high full well 
capacity are necessary (Kim, 1980). 

Table 1.3 Dark Current at different temperatures. 

Operational mode Temperature / IC Dark Current / electrons pixel-' s-1 

No active cooling 20 10,000 

Thennoelectric air cooled -40 10 

Thennoelectric water cooled -60 

Liquid N2 cooled -130 < 0.001 

1.4.4.4 Charge transfer efficiency 

The basic limitation on a CCD performance is how effectively it can transfer a charge 
from one potential well to the next. Ideally, the charge should remain until the clock 
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pulses are altered, and then transfer instantaneously and completely to the next potential 

well. Due to the dynamic structure of the device, incomplete transfer occurs, so that a 

small amount of charge is left behind each time. This effect is cumulative, and after 

many transfers the charges becomes significantly smeared together. This limits the 

number of transfers that can be executed. Typically 3000 transfers can take place 

without significant loss, a typical value for charge transfer efficiency being 0.99999 

(Buss et al., 1980). 

1.4.4.5 Linearity 

Photons are absorbed in the CCD and generate electrons that are held in place by the 

voltages applied. Once an electron has been generated there is nowhere for it to go or be 
lost to. The absorption of other photons is unaffected by the charge already present so 
the CCD is intrinsically a linear device. That is to say that as the exposure time is 
increased the output signal goes up in exactly the same proportion as the exposure. Two 

parts of an image with a certain brightness ratio will be detected with that same ratio 

over a wide range of exposure times (Buss et al., 1980). Linearity will eventually break 

down once the CCD reaches saturation, typically 500,000 electrons per pixel for 25 Pm 

pixels (Robson et al., 1993). 

1.4.4.6 Dynamic range 

The dynamic range of a detector is defined as the ratio of the largest signal, which the 
detector can handle to the readout noise in a single exposure. Typical values are 500,000 

and 5 electrons respectively. This gives a dynamic rage of 105. Cooling the CCD and 

reading it out slowly dramatically reduces the minimum noise level but has no effect on 

the maximum signal that the CCD can store (Buss et al., 1980). 
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1.5 Detection in TLC 

1.5.1 Basic requirements 

Manual inspection of a TLC plate is capable of detecting approximately I -10 ýtg of 

coloured material with a reproducibility of around 10-30 %. Removal of separated 

spots, eluting the substance and measurement by photometry are too time consuming 

and inaccurate to be used as a reliable analytical technique. Instrumentation for direct 

reading of TLC plates was first introduced in the 1960s, and in situ measurements are 

now considered essential for the accurate determination of both spot size and location, 

for a good measure of resolution and for rapid, accurate quantification. Modem 

densitometers have evolved into sophisticated, automated, computer controlled devices. 

There are two categories of methods for the quantitative evaluation of thin-layer 

chromatograms. In the first category, analytes are measured directly on the layer. In the 

second approach, analytes are eluted from the sorbent layer before being examined 
further. 

The requirements are more stringent for various aspects of TLC when quantitative 

measurements are to be made. Here it is critical that application of samples is carried 

out accurately and precisely (Brain and Turner, 1971). The development step should 

completely separate the compound of interest, and there should be no loss of substance 
by evaporation, decomposition or irreversible adsorption during application, 

chromatography or drying. Samples and standards are always chromatographed 

simultaneously, on the same plate. 

In situ methods of quantification are always based on instrumental measurement of 

spots directly on the sorbent layer. The samples should be spotted within an optimum 

concentration range that provides maximum sensitivity consistent with the greatest 
linearity of response. It is best to apply the same volumes of differing concentrations, so 
that all initial zone areas are as compact as possible (Poole et aL, 1986). In situ 
determination requires that a separated zone should contrast with the background of the 
layer, and a detection reagent may be applied if this is not naturally the case. 
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1.5.2 Scraping and clution 

Quantification can be carried out after scraping separated analyte zones from the sorbent 
bed. The scraped sorbent is collected and then eluted and measured. Collection and 
elution must be complete if reliable quantitative measurements are to be made: 
however, often the area to be scraped is not obvious. 

The eluates from scraped zones can be analysed by any appropriate method, e. g. 

titration, gas chromatography or spectrophotometry. Ultraviolet, visible or fluorescence 

spectrophotometry is often used. However, for each of these modes densitometry can be 

carried out directly on the plate and the analyte will usually be more concentrated on the 

plate than in a cuvette. A further disadvantage of scraping and elution is that this 

approach is labour intensive and subject to error, by irreversible adsorption for example. 

Automated elution systems have been developed in which analytes are eluted directly 

from the plate through plastic tubing and collected into cells. This technique is mostly 

used for preparative applications. 

1.5.3 In situ densitometry 

Densitometry is the instrumental measurement of UV or visible absorbance, 
fluorescence, or fluorescence quenching directly on the sorbent layer. D4easurements 

can be made either through the plate (transmission), by reflection from the plate or by 

both simultaneously. All optical methods for the quantitative evaluation of TLC 

separations are based upon measuring the difference in optical response between a blank 

portion of the plate and regions where a separated substance is present. 

Measurements in transmission mode provide greater peak heights (up to a factor of two) 

accompanied by higher baseline noise when compared to reflectance (Coddens et al., 
1983). In reflectance mode most of the scattered light arises from layers close to the 

surface and is influenced less by changes in the thickness of the TLC plate, which is 

responsible for much of the background noise in transmission measurements. 
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Transmission measurements are generally limited to wavelengths greater than 320 run 
due to strong absorption by the glass support and also by the silica gel itself at even 

shorter wavelengths. Reflectance measurements can be made at any wavelength from 

'the UV to the near infrared (185-2500 nm). 

UV-absorbing compounds can be measured by fluorescence quenching as well as by 

reflectance. The fluorescence quenching technique provides a means of visualising 

spots absorbing UV light on TLC plates incorporating a fluorescent indicator. When 

such a plate is exposed to UV light, the UV-absorbing compounds appear as dark spots 

against the brightly fluorescing background of the plate. These UV-absorbing spots 
behave similarly to an optical filter, absorbing a portion of the fluorescence excitation 

radiation, thus diminishing the fluorescent intensity. The fluorescence quenching 

method is only applicable to substances whose absorption spectra overlap the excitation 

spectrum of the fluorescent indicator. The indicators in common use have a maximum 

absorption around 280 nin and almost no absorption below 240 nm. Fluorescence 

quenching methods are thus less specific and less sensitive than absorption 

measurements. Fluorescence quenching is mainly utilised as a visualisation technique in 

qualitative analysis. 

1.5.4 Theoretical considerations 

When light falls on an opaque medium, some light is reflected from the surface, some 

absorbed by the medium and dissipated (e. g. as conversion to heat), and the remainder 
is diffusely reflected or transmitted by the medium. It is the diffusely reflected or 

transmitted component that is of interest when making quantitative measurements. It 

must be assumed that the specularly-reflected component (from the surface of the layer) 

is small. The specularly-reflected component contributes to the background signal 
(noise) but carries no information regarding the properties of the sample. The 

propagation of light within an opaque medium is a very complex process (Huf, 1988; 

Bush and Greeley, 1984). The theoretical treatment most generally applied is that of 
Kubelka and Munk (193 1), which is often expressed in the following form 
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(1.26) 

where Ri is the reflectance for an infinitely thick opaque layer, a is the molar absorption 

coefficient of the sample, c the sample concentration, and S the scatter coefficient of the 

layer. Equation 1.26 is only an approximation for thin layer plates, since it is derived 

from a situation involving a layer of infinite thickness. However, it illustrates the 

general properties of a solid sorbent matrix on the observed sample response and 

explains why calibration curves on TLC plates do not obey the Beer-Lambert law. The 

work of Kubelka and Munk predicts a non-linear relationship between signal and 

sample concentration in the reflectance mode, an increase in response with increasing 

molar absorption coefficient, and an increase in response for sorbents having low scatter 

coefficients. Since equation 1.26 is only approximate it is not used directly for 

quantitation in TLC. 
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Figure 1.11 A typical calibration curve obtained from a thin-layer chromatogram. 

The principal method of quantitation is by calibration using a series of standards 

spanning the concentration range of the sample to be determined. Peak area 
measurements are usually used for calibration. Calibration curves generally comprise an 
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effectively linear region at low sample loading, curving towards the loading axis at 
higher sample loading, and eventually reaching an asymptotic value where signal and 

sample loading are no longer correlated. An example is given in Figure 1.11 

The extent of the individual ranges or sections of the calibration curve are frequently 

very different for different substances and often the pseudo-linear portion of the curve is 

adequate for most analytical purposes. However, sometimes no suitable linear range 

might exist. This lack of linearity in calibration curves has given rise to the use of 

several mathematical transformation techniques in order to linearise the non-linear parts 

of the calibration curves (Treiber, 1974; De Speigeleer, 1985). Typical examples 
include the conversion of the correlation between signal and sample loading into 

relationships involving reciprocals, logarithms, squared terms (Betheke and Frei, 1974) 

or use of the Michaelis-Menten function (Ebel, 1984). None of these methods has a 

sound theoretical basis for the treatment of thin-layer chromatography calibration curves 

and all can lead to the propagation of significant errors in the transformed data. 

Alternatively a non-linear regression based on a second order polynomial could be used 

to describe the calibration curve without inappropriately weighting error distribution. 

1.5.5 Scanning densitometry 

Instruments for scanning densitometry using absorbance or fluorescence measurements 
in reflectance or transmission modes first appeared in the 1960s (Jork, 1962) and since 

then have undergone continuous evolution (Fenimore and Davis, 198 1; Geiss, 1987). 

The most obvious technical change has been the greater use of computers, which have 

revolutionised data handling whilst also permitting a greater degree of automation of the 

scanning process. 

Commercial instruments share many common features. Different lamps must be used as 
light sources in order to cover the entire UV-visible range from 200 to 800 run. 
Tungsten halogen lamps are generally used for the visible region and deuterium lamps 
for the UV region. High intensity mercury or xenon arc sources are preferred for 
fluorescence measurements. For polychromatic light sources, the measuring wavelength 
is normally selected by using either a monochromator or a filter. Filter densitometers 

often employ a mercury line source and filters to pass only the light corresponding to 
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individual lines available from the source. Their main advantage is low cost. Broad 

spectral sources and grating monochromators offer greater versatility for optimising 

sample absorption wavelengths. 

Two optical geometries are predominantly used in contemporary scanning 
densitometers. The single-beam mode is the simplest optical arrangement and is capable 

of producing excellent quantitative results, but problems can arise due to background 

noise resulting from fluctuations in the source output, inhomogeneity in adsorbed 

impurities on the plate, along with irregularities in the plate surface. Background 

disturbances can be compensated for, to some extent, by double-beam operation. The 

two beams are usually separated in time at the same point on the plate. 

In the single-beam dual-wavelength mode, fluctuations caused by scattering at the light- 

absorbing wavelength are compensated for by subtracting the fluctuations at a different 

wavelength at which the spot exhibits no absorption but experiences similar scatter 

(Yamamoto et aL, 1976; Cheng and Poole, 1983). The two beams are alternated by a 

chopper and combined into a single beam to provide the difference signal at the 

detector. Since the scatter is normally wavelength dependent, the background correction 

is best when the measuring and reference wavelengths are as close together as possible. 

This requirement is often very difficult to fulfil, since absorption spectra are usually 

broad, and it may be impossible to find two similar wavelengths at which absorption 

occurs for one and not the other. 

The sample beam is usually in a fixed position and the plate is scanned on a computer- 

controlled moving stage. The most common method of scanning is slit scanning in 

which the sample beam is shaped into a rectangular area on the plate surface through 

which the plate is transported, usually in the direction of development. Each scan thus 

represents a lane with length defined by the sample migration distance and width 

determined by the slit dimensions. As well as slit scanning, point scanning can also be 

used. The measuring beam is shaped into a spot or rectangle of dimensions much 

smaller than the chromatographic zones to be scanned. By moving the scanning stage in 

the x and y directions a zig-zag or meander scan is possible. Zig-zag and meander 

scanning allow zones of any shape to be accurately quantified using computer 

alogrithnis to perform the integration. For very small spots errors may arise because the 
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scanning beam dimensions cannot be made sufficiently small to permit a large enough 

number of sampling points for the spot. 

For linear slit scanning densitometers it is well established that chromatographic 

resolution and detectability can be affected by the choice of slit dimensions, the scan 

rate, and the electronic time constants of both the scanner and recording device 

(Coddens and Poole, 1983; Butler and Poole, 1983; Poole et al., 1985; Butler et al., 
1983). The ratio of slit height to spot diameter has a large influence on sample 
detectability in the absorbance mode. Slit heights less than the diameter of the spot 

result in the highest sensitivity but may lead to unacceptable errors due to incorrect 

alignment of the sample beam and spot centres along the lane. Generally, a slit height 

equivalent to the diameter of the largest spot to be scanned is selected as a compromise. 
At high scan rates resolution can be impaired and the signal attenuated if the time 

constant of the processing device is too long. A standard protocol has been suggested 
for comparing the sensitivity of slit scanning densitometers based on the use of standard 

substances, chromatographic conditions, and instrument parameters (Coddens and 
Poole, 1983; Allwhon and Ebel, 1989). 

Most modem densitometers are designed for automatic scanning of a complete plate. 
Normally, the values for the lanes to be scanned (lane length, distance between lanes, 

number of lanes, wavelength(s) to be scanned) are entered into a computer. The 
densitometer then scans the plate without further intervention. The disadvantage of this 

method is that if the samples have migrated irregularly then the spots may become 

misaligned with respect to the beam position and erroneous results may be generated. 
More sophisticated instruments have the ability to realign the measuring beam when 

necessary for the first spot in each lane prior to scanning in a linear manner, execute a 

meander or zig-zag scan or optimise the beam and spot co-ordinates for each spot in the 

chromatogram. 

The principal sources of error in quantitative TLC have been identified as the 

reproducibility of sample application, the reproducibility of chromatographic 

conditions, the reproducibility of positioning the sample spots in the measuring beam, 

and in the detection step the reproducibility of the scanning densitometry measurements 
(Ebel and Glaser, 1979; Allwohn and Ebel, 1989). The measurement error can be 
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determined by repeatedly scanning a single lane of the TLC plate without changing any 

of the experimental conditions between scans. It is composed of errors due to the optical 

measurement, electronic amplification, and the recording device. The measurement 

error is dependent on the signal-to-noise ratio but for a properly adjusted instrument 

typical values fall into the range of 0.2-0.7% RSD (Ebel and Glaser, 1979). The error in 

positioning the spot in the measuring beam and the sample application error can be 

controlled to a large extent by good analytical practice. The chromatographic error is 

generally the most significant error and is only reduced by minimising the variability in 

the development process. The data pair technique can be used to minimise errors due to 

migration differences as a result of edge effects, deviations in layer thickness, nonlinear 

solvent fronts etc (Betheke et al., 1974). In this technique an internal compensation 

approach is used, pairing up the measurements of two spots on the same plate. In 

modem scanning densitometry with HPTLC plates the relative standard deviation from 

all errors can be maintained below 2%, making it a very reliable quantitative tool. 

Most scanning densitometers make provision for automatically recording the in situ 

spectra of any desired number of spots (Allwohn and Ebel, 1979). For automatic 

spectrum recording a motor-driven monochromator controlled by a microprocessor is 

often used. The band pass of most monochromators used in scanning densitometers is in 

the range 10-30 rim, so that the resultant low-resolution absorption spectra obtained are 
in themselves rarely sufficient for substance identification. Also, differences between 

the sorbent spectrum and the solution spectrum (which is more likely to be available for 

comparison) can be significant. 

It is less time consuming to scan a separation sequentially at several different 

wavelengths than to record the full spectrum of each spot (Butler and Coddens, 1984). 

The ratios of the response values obtained at these pre-selected wavelengths can be used 

to confirm the similarity between samples and standards or to indicate contamination of 

sample spot with other components. If standards are run on the same plate with the 

samples then the reproducibility of absorbance ratios should be reasonable (1-6% RSD) 

(Lee et al., 1980). Combining the information from similar retention characteristics of 

samples and standards on the same plate and acceptable agreement between the 

absorbance response ratios is the most widely used technique for in situ substance 
identification in TLC. 
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1.5.6. Diode array detection 

A diode array consists of a number of photosensitive diodes place side by side and 
insulated from one another. The output from each diode can be scanned, stored and 

subsequently processed by a computer. The common use of a diode array is to monitor 
light that has passed through a liquid sensor cell as in a liquid chromatography detector. 

The light source is usually polychromatic (e. g. light from a deuterium lamp) and after 

passing through the cell, the light is dispersed by a quartz prism or a diffraction grating 

onto the surface of the diode array. Thus, each diode will receive light of a different 

wavelength to that received by its neighbour. The quality of the measured spectra is 

excellent (Spangenberg and Klein, 2000). 

1.5.7. Development of image analysis or video densitometry 

Slit scanning densitometry is the dominant method of recording thin layer separations 
for quantification (Poole and Poole, 1989). This is now a mature technology and 

evolution of slit scanning densitometry is progressive and major changes in operation 

and performance are unlikely with the possible exception of using fibre optics for 

illumination of zones and collection of light (Spangenberg and Klein, 2000; 

Spangenberg et al, 2002; Ahrens et al, 2002). This approach may improve the quality of 

available data, but does not overcome the principal limitations of scanning 
densitometry. A major difference between scanning and video densitometry is that 

whilst scanning densitometry is a stable technology, image analysis is rapidly evolving, 
driven by its broad applicability to many areas of science, of which thin layer 

chromatography is a minor component of the market. Thin layer chromatography will 

almost certainly benefit from developments in other areas of science and from reduced 

costs of CCDs. 

Major improvements may be realised through image analysis, also known as video 
densitometry, which was first demonstrated in 1976 (Ebel and Hocke, 1976). In video 
densitometry optical scanning takes place electronically, using a computer with video 
digitiser, light source and appropriate optics to illuminate the plate and focus the image 

onto a charge-coupled device (CCD) video camera (Cosgrove and Bilhorn, 1989; Vovk 

and Prosek, 1997; Ebel and Henkel, 2000). The principal advantages of video 
densitometry are fast and simultaneous data acquisition from the whole plate, absence 
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of moving parts, increase in sensitivity by using longer acquisition times, simple 
instrument design, and compatibility with data analysis of two-dimensional 

chromatograms that are difficult to scan using conventional slit-scanning densitometers. 

The ease of storing images electronically as a replacement for photographic 
documentation and of pasting images into documents is another attractive aspect of 

video densitometry. Modem instruments provide user-friendly archiving, searching and 
integration of images (Hahn-Deinstrop et aL, 1998; Summanen et aL, 1998). 

Many groups have reported the use of video densitometry for absorption (Gianelli et aL, 

1983; Belchamber et aL, 1987; Pollack and Schulze-Clewing, 1990; Garcia Sanchez et 

aL, 1993) and fluorescence measurements (Gianelli et al., 198 1). A video densitometer 

was constructed in 1990 which gave better linearity, reproducibility, spatial resolution 

and enabled faster acquisition than scanning densitometry (Oldham, 1990). Degitar and 

co-workers used a video system for capture and documentation of images of TLC plates 

and made a database of the captured images (Degitar et al., 1994). Liang et al. (1996) 

introduced a new CCD-based imaging system for quantitative determination of 

substances separated on HPTLC plates and showed that the fluorescence background 

and noise from the plates limited detection. 

Slit scanning densitometers and image analysis systems for quantification of TLC 

separations have been compared by several groups. All the papers report the excellent 

archiving facility and rapid acquisition of data as advantages of video densitometry. 

Rapid data acquisition is especially important when there are many samples on one TLC 

plate. Early CCD systems were expensive and the necessary processing power to fully 

utilise the technique was not available (Belchamber et al., 1987). Vovk and Progek 

(1997) compared slit scanning and video densitometry in reflectance and transmission; 

slit scanning was found to be more sensitive but video densitometry was found to have a 
larger dynamic range due to more information being available from inside the layer. 

Using a fluorescence quenching method to detect phenolics, Summanen et aL (1998) 

found that there was no significant difference in repeatability between a dual 

wavelength densitometer and a CCD camera. However, Essig and Kovar (1999) 

compared video densitometry unfavourably with slit densitometry. They found that the 

LOD was better with slit scanning (approximately 25 ng) compared with video 
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densitometry (approximately 35 ng), and the repeatability was also better using slit 
densitometry. 

Simonovska and co-workers used direct fluorescence measurements for the 
determination of norflaxin (LOD 5 ng) (Simonovska et aL, 1999). Test solutions were 
analysed using the TLC method (using both video and slit densitometry) and with a 
known HPLC method; comparable accuracy and precision was found in all cases. The 

linear range was comparable for the HPLC method and slit scanning (10-90 ng). The 

poorer linear range for video densitometry contrasts with the findings of Vovk and 
Progek (1997) in reflectance and transmission measurements. 

Video densitometry was performed using a conventional flat bed scanner and 

commercial software (Mustoe and McCrossen, 2001). Linearity, precision and detection 

limits were studied for test dyes. The results were compared with those from slit 
densitometry and it was shown that the two methods gave similar precision but the flat 

bed scanner had a broader linear range and better sensitivity for the compounds studied. 

1.6 Aims and objectives 

The aims of this thesis fall into three main categories; (i) to carry out quantitative 

measurements on wetted thin layer chromatography TLC plates, (ii) to undertake real 
time imaging of TLC separations, and (iii) to use a CCD camera for UV imaging of 
TLC separations offline and in real time. 

In previous work TLC plates have invariably been imaged dry (Stahl and Mangold, 

1966), after the solvent has been evaporated. The main objective of the first part of this 

work is to find out if it is possible to get quantitative results from a wetted plate using a 
CCD camera in either reflectance or transmission modes. This will be attempted by 

taking two images, one before and one during chromatography in order to obtain a two- 
dimensional array of absorbances and hence peak area values. A secondary objective of 
imaging wetted plates is to investigate the possibility of obtaining information about the 

sorbent layer during chromatography. 
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Work on real-time imaging of chromatographic development on Thin-layer 

chromatography plates will be undertaken using visible light. Multiple images will be 

taken during development as bands move along the stationary phase. The possibility of 

obtaining quantitative results and of improving data by signal averaging will be 

investigated along with the effect of using different developing solvents. Central to 

obtaining quantitative results in real-time will be signal referencing in order to 

compensate for both fixed pattern effects (such as inhomogeneity of light across the 

plate and imperfections in the plate itself) and the effect of the moving solvent on 

obtaining reliable absorbance data. Real-time imaging of TLC plates using a CCD 

camera has been undertaken previously in order to monitor separations as a time saving 
device (Liang et al., 1996). No quantitative real-time measurements have previously 
been reported. 

CCD chips are solid state devices and as such are not normally sensitive to UV light. It 

is possible to use a coating to convert the incident UV light into longer wavelengths, 

which the CCD is more sensitive to (Cowens et aL, 1980). However, a lack of UV work 

undertaken by CCD cameras was reported recently (Progek et al., 2001). Work on the 

imaging of TLC plates in UV will be attempted. Quantitative measurements will be 

undertaken both offline and in real-time. 
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CHAPTER TWO 

Quantitative Measurements on Dry and Wetted TLC Plates Using a 
CCD Camera 

2.1. Introduction 

One of the main advantages of planar chromatography over column chromatography 
is the ability to simultaneously develop many samples on one plate. Scanning 

densitometry effectively turns this parallel nature into a sequential one. Using video 
densitometry it is possible to evaluate and compare all the tracks on a plate at once 
therefore the biggest advantage of TLC (parallel development of standards and 

samples) is fully supported (Liang et al., 1996). 

The output from each sensor pixel on the CCD is a voltage, which is proportional to 

the intensity of light falling on the sensor and the exposure time. Figure 2.1 shows a 
voltage applied across the surface of the CCD. When the electron is liberated by the 

photon it is drawn into the 'well' underneath. CCDs are characterised by the depth of 
these wells (how may electrons the well can hold), the deeper the wells the greater the 
dynamic range. A high dynamic range is necessary for absorbance measurements, 
where light intensities are high. 
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Figure 2.1 One of the sensors comprising a CCD 
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Generally the plate image is focussed on the CCD by a lens, usually with a filter to 

increase contrast between the spots and plate background. The CCD output is a series 

of voltages corresponding to a greyscale for each pixel. As this output is digital it is 

easy to manipulate the data via a computer. 

Application of samples as spots using micro-capillaries is rapid, however, the sample 

volumes which can be applied are limited if compact spots are to be achieved. The 

size of initial spots can be minimised if solutions are prepared in the least polar 

solvent in which the compound of interest will dissolve (Colthup, 1988). Compact 

spots are then achieved because although the solvent spreads out from the applicator, 

the dissolved material has an Rf of approximately zero in the solvent and hence 

remains at or near the origin; the point of application. 

However, if samples contain many components it is unlikely that a non-polar solvent 

will dissolve all of the components, and in this situation a compromise is necessary. 

Application of small volumes (eg I gl) from micro-capillaries results in solvent 

spread to approximately 5 mm. and enables a reasonable amount of material to be 

applied (I gg if the solution is I mg ml"). A spot of this size can be reduced to a 

narrow band by the use of multiple development. The use of micro-capillaries for 

very small volumes of aqueous samples is, however, less successful, and when 

samples of this nature are to be applied, use of a sample applicator (eg the Linomat 

IV from Camag) is more appropriate. Sample applicators are semi-automated 
instruments for applying samples to TLC plates as bands. The sample is loaded into a 

syringe and applied onto the plate in a stream of air or nitrogen through a fine nozzle 

as an aerosol. The aerosol droplets dry rapidly and hence band broadening on sample 

application is minimised. Sample application is the most critical step for ensuring 

repeatability in TLC, RSD values of <1% may be realised using automatic spotting 
(Novakovic, 1999). 

The usual detection process in TLC can be considered to be static, as the sample 

zones are stationary after development is brought to a halt. All information 

concerning the chromatographic experiment can be made available as a three 

dimensional array in which the x and y co-ordinates define the position of the spot 
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