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a b s t r a c t

The kinetic performance of stabilized particle layers, particle membranes, and thin films for thin-layer
chromatography is reviewed with a focus on how layer characteristics and experimental conditions affect
the observed plate height. Forced flow and pressurized planar electrochromatography are identified as
the best candidates to overcome the limited performance achieved by capillary flow for stabilized par-
ticle layers. For conventional and high performance plates band broadening is dominated by molecular
late height measurements
heory
apillary flow
orced flow
lanar electrochromatography
ltra thin-layer chromatography

diffusion at low mobile phase velocities typical of capillary flow systems and by mass transfer with a
significant contribution from flow anisotropy at higher flow rates typical of forced flow systems. There
are few possible changes to the structure of stabilized particle layers that would significantly improve
their performance for capillary flow systems while for forced flow a number of avenues for further study
are identified. New media for ultra thin-layer chromatography shows encouraging possibilities for minia-
turized high performance systems but the realization of their true performance requires improvements
article membranes in instrumentation for sample application and detection.
© 2010 Elsevier B.V. All rights reserved.
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uential relationships have been developed between theory and
he operating characteristics of the separation media [1]. These
nterconnections are symbiotic in that the predictions from theory
stablish the goals for improving existing media and physicochem-
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ical studies of different media provide the means to test, modify and
improve existing theory. Over time these two aspects of chromato-
graphic evolution converge and further developments focus on
narrower issues associated with the particular properties of a few
compounds. Although developments in column liquid chromatog-
raphy have not ceased, witness for example the recent introduction
of superficially porous particles and instrumentation for operation
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1. Introduction

In most forms of chromatography both reliable and conse-
at pressures around 1 kbar [2–4], these developments are simply
accomplishments confidently predicted by theory and confirmed
by advances in material design and engineering practice. Although
planar chromatography predates modern liquid chromatography a
reliable and consequential relationship between theory and sepa-
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Table 1
Parameters affecting the observed plate height in planar chromatography with cap-
illary controlled flow of the mobile phase.

System property Experimental parameters

Measurement of
zone widths

Vertical distribution of sample in the layer
Secondary chromatography during drying of the layer
Linearity of detector response
Relative size of sample application zone
Reshaping of sample application zone at the start of
development
Absolute distance between the solvent entry position
and the sample application zone
Sample diffusion coefficients
Sample overload

Mobile phase
velocity

Variable and a function of the solvent front migration
distance
Varies with the saturation grade of the development
chamber
Affected by solvent demixing and localized
unsaturated solvent flow
Varies with the extent of wetting of the stationary
phase
Varies with the viscosity and surface tension of the
S.K. Poole, C.F. Poole / J. Chrom

ation performance has yet to develop. The myriad of reasons for
his break in the normal cycle of technological evolution in separa-
ion science is discussed in this review. When the cycle is broken
dvances occur by an intuitive mechanism, but they still occur so
ong as the field of study remains active. In this article we will
resent a contemporary picture of these intuitive advances in pla-
ar chromatography as they pertain to the kinetic performance of

ayers.
Important milestones in the evolution of high performance

tationary phases for planar chromatography were the early stan-
ardization of conditions for the preparation of plates for thin-layer
hromatography (TLC) by Stahl [5]; the general phase out of self-
ade layers with the introduction of pre-coated TLC plates around

966; the redefinition of layer performance and the penetration
f instrumentation into the practice of thin-layer chromatogra-
hy with the launch of pre-coated high-performance thin-layer
hromatography (HPTLC) plates in about 1975 [6–8]; the introduc-
ion of pre-coated chemically modified layers in about 1978, which
acilitated an expansion in the range of applications suited to thin-
ayer chromatography [7–10]; the introduction of layers prepared
rom spherical particles around 1990 [11,12]; and more recently
he introduction of ultra thin-layer chromatography (UTLC) based
n monolithic films [13] or microfabricated structures [14]. In this
rticle we will focus on the more recent developments in layer char-
cteristics and attempts to define and optimize their structures,
arrying forward only those aspects of earlier studies required
o establish the improvements made. Specialized layers, such as
hose used for chiral separations [15–17] and those prepared by
mpregnating pre-coated layers with reagents to enhance specific
eparations [1,18,19] are not discussed here. Significant contribu-
ions to the theory of thin-layer chromatography are summarized
n Refs. [1,18–25] and only sufficient background to understand
he main points of this article as it applies to the characterization
f high performance layers will be discussed.

. Plate height for stabilized particle layers

The common measure of band broadening for chromatographic
eparations is the plate height and its relationship to the physi-
al properties of the separation system is interpreted by models
uch as the van Deemter equation, Knox equation, kinetic plots, etc.
1,3]. The basis of these approaches is the observation of changes
n peak widths with variation in mobile phase velocity. For column
hromatography these experiments are reasonably straightfor-
ard and provide considerable detail of the kinetic performance of

he stationary phase. The equivalent experiments in planar chro-
atography are more difficult to perform and interpret and are

ffected by a wider range of experimental parameters that are more
ifficult to control within defined ranges when using capillary flow
Table 1). As a basis for discussion we can start by considering the
xperimental difficulties in measuring the plate height and con-
rolling the mobile phase velocity in planar chromatography.

.1. Experimental measurements

Samples are typically applied to layers as bands or spots that
ncrease in size during the development process. For fine-particle
ayers the migrated zones are generally symmetrical and can be
t to a Gaussian peak shape model. Zones with distinct tailing are
nsuitable for plate height measurements. This can be due to spe-

ific solute–stationary phase interactions with slow kinetics and
isqualifies that compound for use when the purpose is to estab-

ish a general property of the stationary phase. It can occur because
f inadequate layer preparation (inhomogeneous bed) or unsuit-
ble characteristics of the stationary phase (kinetic heterogeneity
mobile phase
Varies with particle size distribution of the layer
Varies with layer thickness

of sorption interactions or diffusion properties). These are poten-
tial issues for self-made plates or new sorbents but should only be
occasional problems for pre-coated layers and conventional sor-
bents.

For symmetrical zones the observed plate height is calculated
from the migration distance ZS of a zone and the standard devia-
tion for the Gaussian model for the zone profile �chrom (the standard
deviation is often replaced by a specific measurement of the zone
width at some fraction of the peak height as a surrogate measure-
ment of the standard deviation).

Hobs = �2
chrom
ZS

(1)

Although planar chromatography is generally performed as an
open bed technique, allowing the zones to be visualized directly,
measurements of zone dimensions are not straightforward. The
eye functions as a logarithmic integrator with variable sensitivity
and is not a suitable detector for estimating the position of zone
boundaries for colored samples leading to high uncertainty in the
estimate of �2

chrom. Such measurements are questionable at best
and cannot be supported for the determination of the kinetic prop-
erties of layers [26]. Zones immobilized in the stationary phase can
be converted into a chromatogram with signal as the vertical axis
and migration distance as the horizontal axis using optical scan-
ning densitometry [19,26,27]. Peak characteristics are now easily
determined by software but a general problem arises from the ver-
tical distribution of the sample in the layer [27–30]. Measurements
by scanning densitometry or image analysis are typically made by
reflection. The observed signal originates predominantly from the
portion of the sample close to the surface with decreasing contribu-
tions from sample portions at greater distances from the surface.
After development the removal of solvent by evaporation causes
changes in the vertical profile of the zone resulting from secondary
chromatography [28]. Little is known about the sample depth pro-
file and its vertical homogeneity and the view from the surface
may not represent the true sample distribution within the zone.

This does not disqualify densitometric measurements for plate
height measurements. These measurements are repeatable when
adequate control over the other experimental variables is imple-
mented and are not subjective as are visual measurements. This is
not the same, however, as saying they are correct in absolute terms,
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ince the vertical sample distribution in the zone is unknown. Since
ptical scanning densitometry is the method of choice for record-
ng thin-layer chromatograms with stabilized particle layers there
s correspondence between how separations are typically recorded
nd modeling of layer properties. It should also be noted that the
elationship between optical density and sample amount in scan-
ing densitometry is non-linear with a pseudolinear region of the
alibration curve from low to intermediate sample amounts. For
implicity plate height measurements should be made within the
seudolinear range otherwise corrections are required for the dif-
erences in response characteristics of individual zones.

When considering the meaning of Hobs and its comparison with
olumn values important differences in the typical experimental
rotocol need to be considered. In column chromatography all sam-
le zones travel the same distance and are distinguished by the
ifferent times they spend in the chromatographic system. The
alue for Hobs can be considered a system property with a constant
alue for solutes with similar physicochemical properties. This
akes it a useful parameter for comparing system performance

nd modeling system properties. In thin-layer chromatography the
ample components are separated in space (differences in migra-
ion distance) and have a constant separation time. In this case,
he value for Hobs is dependent on the migration distance, and
herefore the mobile phase velocity generated by capillary flow,
nd is an averaged value of the individual plate heights for all
lates contacted by the sample zone. For capillary flow conditions,
ommonly used in thin-layer chromatography, the individual plate
eight values are not constant either. Consequently, Hobs is a com-
lex function of the system properties and more difficult to model
s a function of system properties than is the case for column chro-
atography.
To include the migration distance in the plate height expression

q. (1) is easily modified [19–21,26]:

obs = �2
chrom

RF (Zf − Z0)
(2)

here RF is the retardation factor (the fraction of the mobile phase
igration distance traveled by the sample zone measured from the

ample origin), Zf is the solvent front migration distance from the
olvent entry position, and Z0 is the distance from the solvent entry
osition to the sample application zone. The value for Hobs varies

nversely with RF and if Hobs values are to be compared for differ-
nt systems then the values need to be determined for the same
F value. This can be quite difficult to achieve for systems with
ifferent sorption characteristics using the same mobile phase con-
itions. To circumvent this difficulty Hobs values are usually quoted
or an RF of 0.5 or 1, as reference values. With RF = 1, Hobs is hypo-
hetical, corresponding to the plate height for a sample zone moving
ith the solvent front, and by definition, having no attractive inter-

ctions with the stationary phase. It can be considered an inflated
alue or upper limit for the system, since all separated substances
ave RF values less than 1 in real separations and are only influenced
y those plates through which they migrate.

As well as the effect of the migration distance on Hobs the dimen-
ions of the sample application zone has to be considered. The
tandard deviation for the sample zone, �2

obs, is made up of three
assumed) independent contributions [1,7,19,31]:

2
obs = �2

chrom + �2
SA + �2

INS (3)

here �2
SA is the variance of the sample application zone and �2

INS

s the contribution measured as variance associated with the oper-
ting characteristics of the densitometer, and is generally small (or
ssumed to be small as it is rarely measured) compared with the
ther contributions from the separation system and the sample
pplication zone. Using suitable instruments sample application
r. A 1218 (2011) 2648–2660

zones can be maintained at about 1 mm in the development direc-
tion while separated sample zones are expected to be <6 mm using
pre-coated HPTLC layers. Thus, in practice �2

SA is never negligible
compared with to �2

chrom. While the dimensions of the sample appli-
cation zone prior to development can be determined by scanning
densitometry this does not provide the correct value for �2

SA [32,33].
At the start of the development process the mobile phase

encounters the lower boundary of the sample zone pushing it for-
ward before the top portion of the zone is reached by the advancing
solvent front. This effectively reshapes and concentrates the sample
zone before migration commences. In addition, the sample requires
a finite time to be fully solvated by the mobile phase causing expan-
sion of the sample zone. At the advancing solvent front boundary
the mobile phase is unsaturated and some pores holding sam-
ple will be filled more slowly, delaying displacement of adsorbed
sample from the sorbent surface. In addition, localized solvent satu-
ration may limit the rate of solute dissolution in the mobile phase.
As a consequence, there is no accurate or consensus method for
measuring the dynamic �2

SA value, although it is always significant
for plate height measurements, especially for systems of high effi-
ciency (compact zones) and for solutes with small RF values. Three
approximate approaches are generally used: (1) the variance for
the dried sample application zone prior to development is adopted
as a surrogate for �2

SA; (2) the rest diffusion value according to the
method of Kaiser is selected [6,26]; or in a separate experiment,
the sample zone is migrated a short distance (a few mm) from its
origin and the dimensions of the migrated zone is adopted as a sur-
rogate for �2

SA [32]. The method of Kaiser is based on the generally
observed linear relationship between the peak width at half-height
and the zone migration distance for substances with similar dif-
fusion coefficients but different interactions with the stationary
phase (chosen to produce a suitable range of RF values). The peak
width at half-height, bs, for any zone migration distance is given
by:

bs = b0 + mRF (Zf − Z0) (4)

where b0 represents the rest diffusion value for the sample applica-
tion zone, and is calculated, as is the slope, m, by linear regression.
The real plate height (a term introduced by Kaiser) is then given by

Hreal = (bs − b0)2

5.54RF (Zf − Z0)
(5)

Since bs is a continuous function of RF, Hreal can be calculated
for any RF value independent of whether a compound in the chro-
matogram is located exactly at the required position. The three
methods of correcting for �2

SA are compared in Fig. 1 for an HPTLC
silica gel layer. The correction of Hobs for the contribution of �2

SA is
about 5–60% and depends on the development distance and Z0. For
TLC layers corrections of 5–20% are more typical. The general shape
of the three plots in Fig. 1 is similar but the vertical position of each
plot on the Hobs axis is quite different. The location of the minimum
plate heights on the migration distance axis is roughly the same in
each case. Thus, it is important when comparing plate height val-
ues to always make those comparisons within the framework of the
same calculation method. Since it cannot be established that any
of the three methods is correct in its calculation of the true plate
height a general recommendation cannot be made.

The value of the plate height is strongly dependent on Z0, the
distance between the solvent entry position and the sample appli-
cation zone, although this fact is often overlooked [32,34]. Small

and repeatable values for the plate height require first of all that
Z0 is small and secondly maintained constant over a series of mea-
surements. The effect of Z0 on Hobs is indicated in Fig. 2 for a HPTLC
silica layer under capillary flow conditions. A high mobile phase
velocity at the start of chromatography (i.e., when the solvent front
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exane as the mobile phase. Correction for contributions from �2
SA where made using

1) the dimensions of the sample zone prior to development; (2) the dimensions of
he sample zone after migrating a short distance; and (3) using the rest diffusion
alue (Kaiser method).

eaches the sample application zone) and throughout the separa-
ion is critical for maintaining system efficiency. By minimizing Z0
higher and more favorable mobile phase velocity is achieved for

he separation reflected in smaller plate height values. For capillary
ow the mobile phase velocity is not constant and declines with the
olvent front migration distance (see Section 2.2).

.2. Capillary flow

Migration of the mobile phase through a particle bed by cap-
llary flow facilitates the use of TLC as a portable and inexpensive
eparation system requiring the minimum of instrumentation. Cap-
llary flow remains the popular operating mode in modern TLC but
lso serves to limit the separation performance and zone capacity
hat can be achieved. Capillary forces are insufficient to provide an
ptimum flow velocity for high performance layers, to provide a

onstant velocity over typical development distances, and to pro-
ide a useful velocity over distances long enough to obtain a high
one capacity [19–21,35–37]. In the absence of exchange of vapors
ith the gas phase in contact with the layer the position of the
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ig. 2. Variation of Hobs (�m) with the solvent front migration distance for a HPTLC
ilica gel layer with n-hexane as the mobile phase and Z0 = 5 mm (1) and 15 mm (2).
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solvent front after some time t from the start of development for
capillary flow is given by:

Z2
f = �t (6)

where � is the velocity constant and related to the system proper-
ties by

� = 2K0dp

(
�

�

)
cos � (7)

and K0 is the permeability constant, dp is the average particle diam-
eter, � is the surface tension of the mobile phase, � is the viscosity
of the mobile phase, and � is the contact angle for the mobile phase
on the stationary phase (wetting angle). To achieve the highest pos-
sible mobile phase velocity the layer should be homogenously and
tightly packed (maximize K0); contain particles of a relatively large
particle size, and of equal importance, of a narrow size distribu-
tion [the derivation of Eq. (7) assumes the particles are spherical
whereas irregular particles are mainly used for the preparation of
pre-coated layers]; the mobile phase should be selected to maxi-
mize the ratio of its surface tension to viscosity and not simply to
optimize either solvent property alone [20], and the mobile phase
should completely wet the stationary phase. Relevant typical prop-
erties of pre-coated silica gel layers are summarized in Table 2.
A striking trend in the production of pre-coated conventional TLC
plates in modern times has been the gradual reduction in the aver-
age particle size and their size distribution. Commercial pre-coated
layers available to workers in the 1960 had an average particle size
of about 20 �m and a size distribution of 10–60 �m. The same layers
today have an average particle size of 10–12 �m and a size dis-
tribution of 5–20 �m, and perhaps better, since the average plate
height values from recent years suggest an improvement in quality
when compared with HPTLC layers, whose characteristic proper-
ties have been more stable over time. A decrease in mobile phase
velocity by a factor of 1.5 is observed for a 10-fold increase in the
particle size distribution [37]. The zone capacity and average plate
height for conventional and high performance pre-coated layers
from some manufacturers are now quite similar, reflecting tighter
control of particle size distributions, although HPTLC separations
are significantly faster [1,25,38].

The quadratic flow relationship, Eq. (6), for capillary flow is
reflected in the maximum solvent front development distances in
Table 2. As the mobile phase velocity declines at some distance from
the solvent entry position the progress of the solvent front is so slow
that sample zones are expanding due to diffusion as fast, or faster,
than they are migrating apart. Allowing further time for the separa-
tion will not lead to improved separations at this point, and indeed,
the separation performance is expected to decline as the separation
time (solvent front migration distance) is increased. Eventually the
mobile phase will stop moving completely when capillary forces are
no longer sufficient to move the column of mobile phase contained
within the layer. For any selected particle size there is an associ-
ated maximum solvent front migration distance that increases with
the average particle size. For capillary flow the use of layers with
a smaller particle size would only allow for an increase in perfor-
mance for a shorter migration distance, and consequently, with a
lower zone capacity [11,12,25].

The layer thickness for a fixed particle size affects the mobile
phase velocity and thinner layers result in a higher mobile phase
velocity and a small increase in performance and sample detection
limits [39]. A reduction of the layer thickness from 0.2 to 0.1 mm
for silica gel HPTLC layers affords a solvent-dependent increase of

1.1–2.5-fold in the mobile phase velocity. As shown in Fig. 3, the
plate height minimum for the 0.1 mm and 0.2 mm HPTLC layers are
similar with the most noticeable difference being the shift in the
minimum value to a longer migration distance for the thinner layer
in keeping with the higher mobile phase velocity. For applications
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Table 2
Characteristic properties of pre-coated silica gel layers.

Parameter TLC HPTLC UTLC

Plate size (cm) 20 × 20 10 × 10 6 × 3.6
Layer thickness (mm) 0.1–0.25 0.1 or 0.2 0.01
Particle size (�m) 10–12 4–6 Monolithic
Particle size range (�m) 5–20 4–8
Maximum value for Zf (cm) 7–15 3–7 1–3
Separation time (min) 30–200 3–20 1–5
Average plate height (�m) 35–75 23–25
Typical application volume (spots) (�l) 1–5 0.1–0.5 0.01–0.1
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Initial spot diameter (maximum) (mm) 3–6
Detection limits (reflectance)

UV–vis (ng) 1–5
Fluorescence (pg) 50–100

nvolving repeated development of the layer, for example in auto-
ated multiple development, a considerable saving of time can be

chieved by using thinner layers, but for single development appli-
ations the benefits are less significant and must be weighed against
he lower sample capacity of the thinner layers. The compromise
ends to favor the thinner layers but the more frequent use of
.2 mm HPTLC layers would suggest that the modest enhancements

n separation time, performance, and sample detectability are
nsufficient to make this the general choice for routine applications.

Silica gel is adequately wet by the majority of mobile phases
sed in thin-layer chromatography and the contact angle term

n Eq. (7) can normally be omitted from calculations. This is not
he case for chemically bonded stationary phases and mobile
hases containing a significant volume fraction of water (typical
eversed-phase separation conditions) [1,7,19]. Some character-
stic properties of chemically bonded stationary phases used for
hin-layer chromatography are summarized in Table 3. For the
lkylsiloxane-bonded layers of various chain lengths (2 = ethyl;
= n-octyl; and 18 = n-octadecyl) the water compatible layers are
efined by a lower bonded phase density and a larger average
article size to achieve an acceptable range of mobile phase veloc-

ties for reversed phase separations. Those layers with a higher
onded phase density and smaller particle size are intended for use
ith a high-organic content mobile phase only. Without adjusting

he physical and chemical properties of the layers capillary forces
ould be too weak to generate a useful mobile phase velocity for

queous mobile phases largely as a result of the poor contact angle
n the stationary phase. This is not a problem for polar chem-
cally bonded and cellulose stationary phases that are generally

dequately wet by most common mobile phases, including water.
or the alkylsiloxane-bonded phases the performance characteris-
ics are closer to those associated with conventional silica gel layers
ut with longer separation times if the volume fraction of water is
igh.
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As the mobile phase permeates the layer driven by capillary
forces, interparticle channels of narrower diameter fill first leading
to more rapid advancement of the mobile phase. Large intraparti-
cle pores behind the solvent front fill more slowly, resulting in
an increase in the thickness of the mobile phase layer. The bulk
mobile phase velocity (saturated flow) through the region occu-
pied by the sample zones is slower than the solvent front velocity.
The bulk mobile phase velocity is more relevant for determining
system properties. It can be determined by adding an unretained
and visible or detectable compound to the sample (or neighbor-
ing track to the sample track), or alternatively is assumed to be
about 0.8 times the observed unsaturated solvent front velocity
[20,40–42]. The factor 0.8 is a reasonable approximation often used
in simulation studies, but real experimental values may be slightly
different.

Due to the presence of a vapor phase in contact with the layer
the mobile phase velocity is dependent on the type of developing
chamber and its saturation level [43]. Two opposing phenomena
affect the mobile phase velocity. Vaporization of solvent from the
wetted area of the layer, which depends on the vapor pressure of
the solvent in the chamber, results in a reduction of the mobile
phase velocity. Simultaneously, after insertion of the dry layer into
the developing chamber, the layer progressively adsorbs mobile
phase vapors slowly filling the pores of the unwetted layer ahead of
the advancing solvent front. The apparent layer porosity diminishes
and the solvent front velocity slowly increases with time. Sandwich
chambers, which eliminate or minimize contact between the layer
surface and the vapor phase, afford greater reproducibility of the
mobile phase velocity between separations than obtained in classi-
cal large volume chambers. The choice of the developing chamber,
volume of mobile phase, and the degree of saturation affect plate
height measurements since they affect the mobile phase velocity.
When comparing different data sets they should not be allowed to
become uncontrolled variables.

2.3. Forced flow

It is now widely accepted that separation performance in thin-
layer chromatography is primarily restricted by inadequacies of
the mobile phase velocity created by capillary forces. The mobile
phase velocity decreases with the migration distance of the solvent
front and the maximum velocity at any position on the layer is less
than the velocity required for optimum performance [23–26,44].
For typical separation conditions on HPTLC layers by capillary flow
the mobile phase velocity is between 0.2 and 0.05 mm/s while the
optimum velocity for these layers is about 0.5 mm/s [44]. Conceptu-

ally, an obvious solution to this problem is forced flow development
in which a constant mobile phase velocity for the separation is
achieved by sealing the open side of the layer and using an external
device to supply the mobile phase to the layer at a constant and
selectable flow. The open surface of the layer can be sealed using a
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Table 3
Characteristic properties of precoated chemically bonded layers.

Manufacturer Derivatizing reagent Percent silanol groups reacted Carbon loading (%) Average particle size (�m)

Merck
RP-2 Bifunctional 50 5–7
RP-8 W Bifunctional 25 8.9 11–13
RP-8 Bifunctional 37 5–7
RP-18 W Bifunctional 22 15.4 11–13
RP-18 Bifunctional 35 5–7
3-Aminopropyl Trifunctional 50 5.8 5–7
3-Cyanopropyl Bifunctional 27 5–7

Whatman
KC-2 Monofunctional 4.5 10–14, or 20
KC-8 Monofunctional 8.5 10–14
KC-1 Trifunctional 16 12.5 10–14
Diphenyl Difunctional 8.5 10–14
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Sil C18-100 Trifunctional 45
Sil C18-50 Trifunctional 30

exible polymer or metal membrane [45–49], or optically flat rigid
urface [50], under hydraulic pressure. The pressure required to
eal the layer must exceed the inlet pressure required to overcome
he flow resistance of the layer at the selected mobile phase veloc-
ty. Commercially available instruments operate at pressures up to
00 bar with some self-built chambers operating at over 200 bar.
or a typical development length of 18 cm an overpressure <100 bar
s suitable for operating layers with an average particle size >3 �m
23–25]. In studies of layer performance two general operating

odes known as fully on-line and off-line are used. In the fully on-
ine mode the system is operated in a manner similar to column
iquid chromatography with the layer considered as a flat column.
he sample is introduced into the pressurized mobile phase using
loop injection valve, which then passes through a dispersion ele-
ent (narrow trough along one side of the layer) to reshape the

ample plug into a narrow band driven across the layer by the flow
f mobile phase to a second dispersion element that collects the
obile phase and passes it into a flow through detector. In this
ode the stationary phase can be equilibrated with the mobile

hase prior to introduction of the sample. Several different oper-
tional strategies are possible in the off-line mode. Typically the
ample (or samples) is applied to the dry layer as spots or bands, the
eparation is then achieved by development for a selected distance
a dispersion element is still required to reshape the mobile phase
ow into a linear solvent front), and the sample zones are subse-
uently detected by scanning densitometry, or less commonly, by
lution from the layer. In the forced flow mode the mobile phase
elocity is no longer dependent on the contact angle between the
obile and stationary phases for reversed-phase chromatography.
lso, the mobile phase velocity is constant throughout the separa-

ion and can be adjusted to different selected values.
When the mobile phase is forced through an initially dry layer of

orous particles sealed to the external atmosphere the air displaced
rom the layer by the liquid usually results in the formation of a sec-
nd solvent front (beta front) moving behind the solvent–air front
alpha front), which is often wavy in character [51,52]. During the
iquid–air displacement process not all the air is displaced instanta-
eously escaping ahead of the solvent front. Some is displaced at a
lower rate and must leave the sorbent by dissolution in the mobile
hase or as microbubbles moving with the mobile phase. The sol-
bility of the air in the mobile phase depends on the pressure used

o seal the layer, and above some critical pressure, all of the gas will
issolve. The distance between the alpha and beta fronts is gener-
lly referred to as the disturbing zone. Sample zones moving in the
isturbing zone or passed over by it are often distorted and cannot
e used for plate height measurements. The disturbing zone can be
5–10
5–10

eliminated or minimized by pre-development of the layer with a
solvent in which the sample does not move so as to dislodge the
trapped air from the layer prior to initiating the separation. Alter-
natively, a backpressure regulator can be used to increase the local
pressure and thus the solubility of the air in the mobile phase.

Forced flow separations have been performed using pre-coated
conventional and high performance layers and packed beds con-
taining a binder as well as packed beds without a binder. The packed
beds are prepared by spreading a slurry of the stationary phase
(and binder, if used) in a rectangular trough of the desired depth,
removing excess solvent by evaporation, and sealing the bed on
its open side by a pressurized polymer or metal membrane. For
slurry packed beds prepared from 3 �m spherical or 5 �m irregu-
lar silica particles Flodberg and Roeraade reported minimum plate
heights of about 17 and 34 �m and an optimum velocity of 0.61
and 0.25 mm/s, respectively, using forced flow development [53].
Mincsovics et al. [48] obtained plate heights as small as 37 �m on
pre-coated high performance silica layers using forced flow devel-
opment in the fully on-line mode.

A common problem for plate height measurements using the
overpressured development chamber is the external volumes asso-
ciated with connecting tubing, dispersion elements, etc., which are
larger than desirable and not easily reduced [48,54]. In addition,
when samples are applied as spots or bands to the dry layer a cor-
rection is required for the finite size of the sample application zones,
which are of a significant size with respect to the dimensions of the
separated zones, but no agreement exists as to how this should be
achieved (see discussion in Section 2.1).

Forced flow was used in a systematic study of the kinetic prop-
erties or pre-coated conventional and high performance silica gel
layers employing an overpressured developing chamber modified
to minimize external volumes and using peak shape modeling
to extract the true band broadening characteristics for the layers
[44,54–56]. Typical results are summarized in Table 4 for the dif-
ferent layers (individual values for pre-coated layers manufactured
by Merck, Whatman, and Macherey-Nagel can be found in the cited
references). Unlike columns, pre-coated layers have a heteroge-
neous composition containing a binder as well as sorbent particles,
and also possibly a fluorescent indicator for visualization, such as
manganese-doped zinc silicate particles, or similar materials. Typi-
cal binders include gypsum or salts of poly(acrylic acid), in amounts

of 0.1–10% (w/w), to impart the desired mechanical strength and
durability to the layers to facilitate convenient handling in the lab-
oratory with minimal risk of damaging the layer. General models
used to interpret the kinetic properties of layers using fully on-line
forced flow methods are identical to those developed for columns
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Table 4
Characteristic kinetic properties of pre-coated silica gel layers determined by fully
on-line forced flow development [44,54–56].

Parameter Layers

High performance Conventional

Porosity
Total 0.65–0.70 0.65–0.75
Interparticle 0.35–0.45 0.35–0.45
Intraparticle 0.28 0.28

Flow resistance parameter (�) 875–1500 600–1200
Apparent particle size (�m) 5–7 8–10
Minimum plate height (�m) 22–25 35–45
Optimum mobile phase velocity (mm/s) 0.3–0.5 0.2–0.5
Minimum reduced plate height 3.5–4.5 3.5–4.5
Optimum reduced mobile phase velocity 0.7–1.0 0.6–1.2

van Deemter equation [H = A + (B/ue) + Cue] coefficientsa

A (×104) cm 2.5–4 15–27
B (×106) cm2/s 60–80 40–80
C (×103) s 10–20 15–70

Knox equation [h = A�1/3 + (B/�) + C�] coefficientsa

Flow anisotropy (A) 0.4–0.8 1.7–2.8
Axial diffusion (B) 1.2–1.6 1.2–2.0
Resistance to mass transfer (C) 1.4–2.4 0.70–0.85

h

a
c
l
s
i
T
e
t
n
t
i
d
s
n
p
t
t
o
T
e
o
s
c
t
t
t
i
p
t
f
p
c
t
a
t
m
i
b
t
D

0

50

100

150

0 0.1 0.2 0.3 0.4 0.5

P
L
A

T
E

 H
E

IG
H

T

INTERPARTICLE VELOCITY

1

2

umn, 1.5–3, and observed at a lower optimum reduced velocity of
about 0.8 compared with 3–5 for an ideal column. The reasons for
the differences in kinetic properties for the pre-coated layers can
be deduced from the coefficients of the Knox equation (Table 4)
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a ue = interparticle mobile phase velocity; � = reduced mobile phase velocity; and
, reduced plate height defined in Ref. [44].

nd do not consider specific contributions from the binder and indi-
ator except as a potential explanation for why the properties of
ayers deviate from those of columns. The pre-coated layers have
imilar porosity with average values for the total porosity of 0.69,
nterparticle porosity 0.42, and intraparticle porosity 0.27 [54].
hese results suggest that the packing density for columns and lay-
rs are quite similar (comparable interparticle porosity values). The
otal porosity and intraparticle porosity of layers, however, are sig-
ificantly smaller than those for slurry packed columns suggesting
hat a significant amount of the binder used to stabilize the layers
s contained within the porous particles. Evaluation of the pore size
istribution of the pre-coated layers supports the hypothesis that a
ignificant fraction of the binder is contained within the pores and
ot merely blocking the pore entrances [55]. The flow resistance
arameter for conventional pre-coated layers is less than values for
he high performance pre-coated layers, Table 4. This suggests that
he permeability of conventional pre-coated layers provide a more
ptimum packing density, independent of particle size differences.
he difference in flow resistance may result from the deleterious
ffect of the presence in the fine particle layers of greater amounts
f particles of less than average size because the average particle
ize is smaller than for the larger particles used to prepare pre-
oated conventional layers. The apparent average particle size for
he high performance layers, 6.3 �m, is significantly larger than
he nominal value stated by the manufacturer, 5 �m, while for
he conventional layers the apparent average particle size, 9 �m,
s considerably smaller than would be expected from the nominal
article size range of 10–15 �m indicated by the manufacturers of
he pre-coated layers. Since the apparent particle size is calculated
rom the permeability of the layers, the differences observed are
robably due to features of the particle size distribution, as dis-
ussed for the flow resistance parameter. On the other hand, given
he heterogeneous nature of the layers and the difference in aver-
ge particle sizes typically obtained with different measurement
echniques, there is reasonable agreement between the experi-
entally observed results and the nominal layer properties. The
nfluence of the mobile phase velocity (or reduced velocity) on zone
roadening can be quantitatively evaluated by fitting experimen-
al results for the plate height (or reduced plate height) to the van
eemter and Knox equations [44]. Typical results for a van Deemter
Fig. 4. Variation of the plate height H (�m) with the interparticle mobile phase
velocity u (mm/s), van Deemter plot, for Whatman pre-coated conventional (1)
and high performance (2) silica gel layers determined by fully on-line forced flow
development. Experimental details in Ref. [44].

plot for conventional and high performance pre-coated layers are
shown in Fig. 4. The minimum plate height for the high perfor-
mance pre-coated layers at 22–25 �m is considerably better than
for the conventional layers at 35–45 �m and occurs at a similar
optimum interparticle mobile phase velocity of about 0.1 mm/s.
The minimum plate height values are about 1.5–3-fold larger than
for an ideal column (H ≈ 2dp) with an optimum linear velocity 2–4-
fold lower. The values for the high performance pre-coated layers
are closer to the column values than those for the conventional
layers.

A better impression of the difference in properties for the pre-
coated layers can be gathered from the plot of the reduced plate
height against the reduced velocity in Fig. 5. The minimum reduced
plate height for conventional pre-coated layers, 4.2–7.5, are gen-
erally larger than for the high performance pre-coated layers,
3.6–4.2, both of which are significantly larger than for an ideal col-
REDUCED VELOCITY

Fig. 5. Variation of the reduced plate height with the reduced velocity (Knox plot)
for Merck pre-coated silica gel layers determined by fully on-line forced flow devel-
opment. Identification: 1, high performance layer; 2, conventional layer; and 3, an
ideal column (A = 1, B = 2, and C = 0.05). Experimental details in Ref. [44].
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Table 5
Typical properties of reversed-phase octadecylsiloxane-bonded silica layers used in
pressurized planar electrochromatography (Merck).

Property TLC RP-18 HPTLC
RP-18

LiChrospher
RP-18W

Particle shape Irregular Irregular Spherical
Average particle diameter (�m) 10–12 5–6 6–8
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Particle size distribution (�m) 5–20 4–8
Layer thickness (mm) 0.25 0.2 0.2
Coverage density (�mol/m2) 2.6 2.6 0.5

44,56]. The A term characterizes the flow anisotropy within the
treaming portion of the mobile phase and is related to the uni-
ormity and packing density of the layer. The A coefficients for
he high performance pre-coated layers are similar or smaller than
hose for a typical column (A ≈ 0.5–1.0) indicating that the layers
re homogeneously packed. Conventional pre-coated layers are not
s homogeneously packed, perhaps because of the greater difficulty
f coating layers with particles of a larger particle size or because
he particle size ranges of conventional TLC sorbents are wider than
esirable.

The B term characterizes the contribution of longitudinal diffu-
ion to the plate height and should be similar in value for layers of
ifferent types, as observed. The C term is a measure of the resis-
ance to mass transfer between the solvated stationary phase and
he streaming mobile phase. Typical values for columns, 0.05–0.70
44], are on average up to an order of magnitude smaller than
hose observed for the pre-coated layers. The larger values of the C
erm for the layers may be a result of restricted diffusion within
he porous particles or different rates of sorption for the silica
el surface and that portion of the silica gel surface coated with
inder. For forced flow separations the large C term contributes
o both the higher minimum plate height and the lower optimum

obile phase velocity compared with typical columns. Improve-
ents in layer properties aimed by reducing the contribution to

one broadening from resistance to mass transfer would be use-
ul for force flow applications but may make little difference to
apillary flow systems where the average plate height for high per-
ormance pre-coated layers is dominated by contributions from
ongitudinal diffusion [32,56].

.4. Pressurized planar electrochromatography

Electroosmosis is used to drive the mobile phase flow
hrough the layer in pressurized planar electrochromatography
nd requires an aqueous buffer as a component of the mobile
hase [23,57–62]. An electric field applied across the layer is
sed to control the mobile phase velocity which is independent
f the solvent front migration distance. All practical applications
mploy chemically bonded pre-coated layers (Table 5) or poly-
eric monolithic films with ionic functional groups for separations

y reversed-phase chromatography. The mobile phase velocity
epends on the physicochemical properties of the mobile phase
nd the mobile–stationary phase interface and is generally higher
or silica-based chemically bonded phases with a lower bonding
ensity and is independent of the particle size. Problems associated
ith either excess heating of the layer or accumulation of liquid on

he layer surface can be avoided by applying pressure to the layer,
n a manner that allows heat to flow between the layer and the pres-
urizing mechanism, typically a special metal block and hydraulic
ress with some mechanism, such as circulating liquid, to control

emperature [57]. In an open system liquid accumulates on the sur-
ace of the layer causing distortion of sample bands, and if too much
eat is generated, the separation is terminated due to drying of the

ayer. Overpressure and temperature control are required to control
hese processes.
r. A 1218 (2011) 2648–2660 2655

There are specific problems associated with sample application
since the layer must be completely impregnated with the mobile
phase at the start of the separation while samples are typically
applied to the dry layer [57,63]. In addition, sample zones applied
to the layer are generally too large to obtain optimum performance
and cited plate height measurements are usually calculated by sub-
traction of the variance due to the sample application zone. Typical
sample application volumes are restricted to about 10–20 nL for
spots or bands to minimize the initial size of the starting zone
before wetting the layer. A number of operational steps need to
be completed quickly and reproducibly requiring some skill prior
to inserting the layer into the developing chamber.

Plate height measurements have been made in the develop-
ment mode and depend on the migration distance. The plate
height generally declines with increasing migration distance reach-
ing a plateau or shallow region between about 35 and 75 mm
[57,61,63,64]. The lowest observed plate heights for the plateau
region fall into the range 10–15 �m corresponding to H ≈ 2dp for
high performance pre-coated octadecylsiloxane-bonded silica lay-
ers. Larger plate heights are observed for pre-coated conventional
layers due to the larger average particle size and broader particle
size distribution. A significant difference for the pre-coated lay-
ers is the steeper ascending portion of the plate height against
mobile phase velocity (or flow rate) curve at higher flow rates
for conventional pre-coated layers compared with the almost flat
curve for high performance pre-coated layers over the mobile phase
velocity range 0.3–1.2 mm/s. The results from pressurized pla-
nar electrochromatography are quite promising for reversed-phase
separations although the instrumentation is at an early stage of
development and no commercial sources currently exist.

3. Plate height models for stabilized particle layers

Major contributions to the kinetic theory of planar chromatog-
raphy were made by Giddings and co-workers [65,66], de Ligny
and Remijnsee [67,68], Kaiser [6], Guiochon, Siouffi and co-workers
[35,40,69–72], and Belenkii and co-workers [37,73] in the period
from 1960 to the early 1980s. These studies and others were
reviewed in Geiss’s classical text on the fundamental aspects of
thin-layer chromatography [20] and more recently by Spangenberg
et al. [19]. In recent years further advances in theory have been few,
although considerable progress has been made in instrumentation,
measurement techniques, and in consolidating existing knowledge
[19–25]. For this reason we have limited our discussion in this sec-
tion to a few points that offer some insight into the relationship
between layer properties and zone broadening and what these sug-
gest for improving the performance of thin-layer separations using
stabilized particle layers.

General models used to explain the relationship between the
plate height and layer structure for capillary flow separations are
based on models developed for columns adapted to accommodate
the specific experimental conditions pertinent to thin-layer chro-
matography. The quality of available experimental data and an
inability to control the experimental parameters, as can be done in
a closed column system, was influential in dictating the approaches
used as well as a reasonably mature theory being available for col-
umn chromatography [20,21]. The model proposed by Guiochon
and Siouffi is intuitively most appealing and is based on refine-
ments suggested in earlier models [35,40,69–72]. The assumptions
made are:
(1) The layer has the same properties as a typical column bed.
(2) The mobile phase velocity is constant at all positions within the

layer at a given time but decreases with increasing time.



2 matogr. A 1218 (2011) 2648–2660

(

(

(

a

H

w
C
a
e
m
s
t
s
a
i
r
b
E

B

w
t
E
i
b
f
B
a
t
u
f
f
r
b
n
b
f
r
t
d
t
i
o
h
o
f
t
a
f
h
t
s
c
m
p

0

20

40

60

80

100

0 2 4 6 8 10

P
L
A

T
E

  
H

E
IG

H
T

Zf - Z0

H
a

Hc

H
b

front migration distance for capillary flow and needs to be used
advisedly.

The approach proposed by Belenkii et al. [73] is based on the
definition of an optimum plate length (Lopt) corresponding to an
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3) The local plate height can be fully described by the Knox equa-
tion.

4) The composition of the mobile phase is constant throughout
the layer.

5) The zone focusing effect when the sample application zone is
first contacted by the mobile phase is negligible.

With a few further simplifying assumptions, these authors
rrived at the general model, Eq. (8) for the observed plate height:

obs = [a/(Zf − Z0)][(Z2/3
f

− Z2/3
0 )] + b[/(Zf + Z0)]

+[c//(Zf − Z0)]log

(
Zf

Z0

)
(8)

here a = 1.5A(dp
4�B/2DM)1/3; b = BDM/�B; c = C�Bdp

2/2DM; A, B and
are the coefficients of the Knox equation (see Table 4); �B is the

pparent mobile phase velocity constant for bulk flow (assumed
qual to 0.8�); and DM is the solute diffusion coefficient in the
obile phase. In practice, the contribution of longitudinal diffu-

ion to the plate height may be more complex than represented by
he b coefficient in Eq. (8). The contribution from molecular diffu-
ion in the stationary phase may be of the same order of magnitude
s its contribution from the mobile phase in some circumstances,
n which case, the plate height is no longer independent of the
esidence time of the solute in the stationary phase and the contri-
ution from molecular diffusion is more faithfully represented by
q. (9):

DM = 2
[

�MDM +
{

(1 − RF )
RF

}
�SDS

]
(9)

here � is the tortuosity factor and the subscripts S and M refer to
he stationary and mobile phases, respectively. The difficulty with
q. (9) is that the exact form of the contribution from diffusion
n the stationary phase is unknown. Two limiting conditions can
e defined. The stationary phase contribution to longitudinal dif-
usion is zero (�SDS = 0), in which case the b coefficient reverts to
DM/�B. Alternatively, the contribution from diffusion in the mobile
nd stationary phases are assumed to be equal (�MDM = �SDS) and
he b coefficient is dependent on the RF value (b = BDM/RF�B). Sim-
lations of the relationship between the plate height and solvent
ront migration distance for pre-coated conventional and high per-
ormance layers based on Eq. (8) are shown in Figs. 6 and 7,
espectively [32]. The simulations demonstrates that the contri-
utions from resistance to mass transfer to the plate height (Hc) is
egligible for pre-coated conventional and high performance layers
ecause the range of mobile phase velocities generated by capillary
orces are too slow. This is different to forced flow conditions where
esistance to mass transfer limits the performance of stabilized par-
icle layers at moderate to high flow rates (see Section 2.3). The
ominant contribution to the plate height is longitudinal diffusion,
he b term in Eq. (8), which increases as the mobile phase veloc-
ty decreases. This is the only term of significance for separations
n pre-coated high performance layers. Since the observed plate
eight is dominated by the b term, there is only a weak dependence
n the average particle size but a strong dependence on the solvent
ront migration distance. The opposite is true for forced flow condi-
ions where the mobile phase velocity is both higher and constant
s a function of the solvent front migration distance. Increasing Z0
or capillary flow systems does not change the shape of the plate
eight relationship but leads to a series of near parallel lines shifted

o higher plate height values. The a term (flow anisotropy) makes a
ignificant contribution to the observed plate height for pre-coated
onventional layers but is negligible for pre-coated high perfor-
ance layers. The contribution of flow anisotropy to the observed

late height declines slightly with increasing solvent front migra-
Fig. 6. Simulation of the contribution of flow anisotropy (Ha), longitudinal diffusion
(Hb), and resistance to mass transfer (Hc) to the observed plate height (�m) as a
function of the migration distance (Zf − Z0) in cm based on Eq. (8) for a pre-coated
silica gel TLC layer using typical parameters given in Table 4.

tion distance and is more important at the start of the separation
when the mobile phase velocity is at its highest.

A comparison of experimental data for the observed plate height
with values simulated by Eq. (8) reveals obvious discrepancies
[21,32]. For the pre-coated high performance layers, the simulated
values are always larger than the experimental values and this dif-
ference increases for longer solvent front migration distances. The
agreement is better for pre-coated conventional layers, but is still
no better than fair. In both cases the simulations do not imitate
the upward curvature of the experimental plots at short solvent
front migration distances (i.e. compare Figs. 1 and 7). Thus Eq. (8)
fails to fully describe the plate height relationship with solvent
Zf - Z0

Fig. 7. Simulation of the contribution of flow anisotropy (Ha), longitudinal diffusion
(Hb), and resistance to mass transfer (Hc) to the observed plate height (�m) as a
function of the migration distance (Zf − Z0) in cm based on Eq. (8) for a pre-coated
silica gel HPTLC layer using typical parameters given in Table 4.
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ptimum reduced velocity (�opt). The plate height is related to the
obile phase velocity using the Knox equation, except that since

he reduced velocity is not constant for capillary flow the instan-
aneous reduced plate height depends on the migration distance
nd is related to the solvent front migration distance. For higher
alues of L, the reduced plate height, h, increases, passes through a
inimum hmin, and then begins to increase sharply. Optimization

f a separation is obtained by the choice of a layer with L = Lopt cor-
esponding to � nearly equal to �opt at the end of the separation.
or this condition h = hmin for the entire length of the plate (solvent
ront migration distance). With these assumptions we obtain the

odel:

= [1.5a�1/3(1 − ı2/3)/(1 − ı)] + [0.5b(1/�)(1 + ı)]

+[c�{ln(1/ı)/(1 − ı)}] (10)

The three terms in square brackets (in order) represent the
ontributions from flow anisotropy, longitudinal diffusion, and
esistance to mass transfer. The variable ı = �/�0 is the ratio of the
educed velocity at the end of the separation, �, to the reduced
elocity at the start of the separation, �0. In column chromatogra-
hy � is constant while it varies in thin-layer chromatography and
he variable ı is a correction for this difference in the Knox equa-
ion. It was shown that for small values of ı the reduced plate height
ould be described by

= 1.5a�1/3 + 0.5b(1/�) + c� ln[(1/ı)/(1 − ı)] (11)

Optimum separation conditions are achieved by choos-
ng a plate of an optimum length, Lopt = 5˛2dp

2/DM where
= 0.5Kodp� cos �/L� with the variables defined for Eq. (3). Belenkii

t al. proposed that only two separation systems were useful for
hin layer chromatography. For low molecular weight compounds

development length of 10 cm and layers coated with 10 �m
articles was desirable. For high molecular weight compounds a
evelopment length of 5 cm and layers coated with 5 �m particles
as preferred. These results are broadly in agreement with exper-

mental results provided that both layers have a narrow particle
ize distribution. The poorer performance of pre-coated conven-
ional layers is likely due to their wider particle size distribution
ompared with the above predictions.

. Particle membranes

Particle-loaded membranes consist of spherical silica gel or
ilica-based chemically bonded particles of about 8 �m parti-
le diameter enmeshed in a network of poly(tetrafluoroethylene)
icrofibrils forming a strong porous sheet with a ratio of sorbent-

o-microfibrils of about 9:1 by weight [74–77]. Particle-embedded
embranes contain silica or chemically bonded particles of

0–30 �m average particle diameter, but with a narrow size range,
oven into a glass fiber-supporting matrix [78]. The particle-

mbedded membranes are used as the separation medium in the
oxi-Lab system for toxicological drug screening by thin-layer
hromatography [79]. Both particle-loaded and particle-embedded
embranes are used in the form of disks for solid-phase extraction

80].
The separation performance of particle-loaded membranes for

apillary flow conditions are similar to pre-coated conventional
LC layers as demonstrated in a number of applications [76]. The
haracteristic kinetic properties of particle-loaded and particle-

mbedded membranes determined under forced flow conditions
nd are summarized in Table 6 [44,54–56,77,78]. These values can
e compared directly with those for the stabilized particle lay-
rs indicated in Table 4. The general models used for calculation
f kinetic parameters were developed for packed particle beds
phase velocity for an octadecylsiloxane-bonded silica particle-loaded membrane.
Measurements were made by fully on-line forced flow development. Experimental
details in Ref. [77].

(columns) and do not explicitly consider the role of the support
matrix. The results can be viewed as approximate or represent-
ing the apparent properties of the membranes with a particle bed
as reference. The total porosity and interparticle porosity of the
particle-loaded membranes suggest a lower packing density com-
pared with stabilized particle layers. The binder in this material is
a network of inert microfibrils which have to be accommodated in
the interparticle space. In addition, some of the microfibrils must be
contained in the pores of the particles or block the pore entrances.
For the octadecylsiloxane-bonded particles it is likely that some of
the pores are blocked by the reagent used to modify the surface
(the chemically bonded phases have a high bonding density [78]).

For the particle-embedded membranes the intraparticle poros-
ity is very small and blocking of the pores by the reagent used to
modify the surface must be nearly complete. The apparent parti-
cle size for the particle-loaded membranes is in good agreement
with the manufacturer’s claims. The high specific permeability
of the particle-embedded membranes indicates favorable flow
characteristics. The glass fiber medium is a heterogeneous mix-
ture of glass fibers with embedded sorbent particles with an
apparent particle diameter of 15.3 �m [78]. This is in agreement
with the plate height measurements for the particle-embedded
membranes which exhibit no minimum over the mobile phase
velocity range 0.2–3 mm/s. The van Deemter plot is essen-
tially linear indicating that the plate height is dominated by
resistance to mass transfer typical of relatively large porous
particles. The van Deemter plots for the particle-loaded mem-
branes are similar to those observed for stabilized particle layers
(Fig. 8), although the minimum plate height is significantly
larger and occurs at a lower optimum mobile phase velocity
[77].

The values for the van Deemter and Knox coefficients indicate
that for the particle-loaded membranes the contributions from
flow anisotropy, mainly, and resistance to mass transfer are larger
than those for stabilized particle layers. This feature is presumably
a property of the microfibrils used as binder leading to a lower
packing density as well as restricting access to the pore volume.
Alternatively, the web of microfibrils may succeed in trapping por-
tions of the mobile phase in the interparticle space, increasing the
volume of stagnant mobile phase, compared with the volume of
streaming mobile phase, leading to an increase in the resistance

to mass transfer term. The general conclusion is that there are
no specific advantages to the particle membrane format for thin-
layer chromatography; they have properties similar to pre-coated
conventional layers when capillary flow conditions are used for
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Table 6
Characteristic kinetic properties of particle membranes determined by fully on-line forced flow development [44,54–56,77,78].

Parameter Particle-loaded membranes Particle-embedded membranes

Silica gel ODSa ODSa

Porosity
Total 0.59–0.61 0.52–0.54 0.51
Interparticle 0.33 0.37 0.47
Intraparticle 0.26–0.28 0.15 0.04

Flow resistance parameter (�) 1300 1000–1200 900–1000
Apparent particle size (�m) 7.3 7.7 15.3
Minimum plate height (�m) 81.2 56
Optimum mobile phase velocity (mm/s) 0.34 0.13
Minimum reduced plate height 8.3 7
Optimum reduced mobile phase velocity 0.8 0.75
van Deemter equation [H = A + (B/ue) + Cue] coefficients

A (×104) cm 54.6 28.9
B (×106) cm2/s 45.1 18.1
C (×103) s 39.4 102

Knox equation [h = A�1/3 + (B/�) + C�] coefficients
Flow anisotropy (A) 5.73 3.75
Axial diffusion (B) 1.53 1.72
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Resistance to mass transfer (C) 1.55
Separation impedance (E) × 103 57

a ODS, octadecylsiloxane-bonded silica particles.

eparations and significantly poorer performance using forced flow
onditions.

. Ultra thin-layer chromatography

.1. Monolithic films

Monolithic films of silica gel [13,81,82] or organic polymers
58,83,84] are thin, continuous biporous structures cast on a sup-
orting surface. These structures do not require a binder to form
stable layer. Silica monoliths have been optimized for the sepa-

ation of small molecules and polymer monoliths for life science
pplications. The characteristic properties of silica monoliths are
ummarized in Table 2.

Silica monoliths are formed by hydrolysis and condensation of
lkylsiloxanes and a mixture of porogens on a glass plate [13,81].
he mechanically stable layers are about 10 �m thick with meso-
ores of 3–4 nm to optimize retention (specific surface area of
bout 350 m2/g) and flow through macropores of 1–2 �m to min-
mize flow resistance. Compared with stabilized particle layers
Section 2.2) they provide faster separations, improved mass detec-
ion limits, and lower solvent consumption at the expense of lower
esolution and increased handling complexity. Sample application
s problematic due to the low sample volumes and small applica-
ion zones needed for optimized separations, a direct result of the
hin film and short migration distances (see Table 2). The signif-
cant transmission of light by monolithic films together with the
mall zone dimensions and short migration distances adds to the
roblems of quantitative measurements by scanning densitome-
ry. Samples applied using standard laboratory equipment for high
erformance thin-layer chromatography indicate rather poor per-
ormance [13,81,82]. A zone capacity of only 5–6 with plate heights
f 80–100 �m for low molecular weight compounds with RF values
etween 0.1 and 0.5 were obtained [81]. There is no indication of
ow the plate height measurements were made or if corrections

or the size of the sample application zone were made. Sample vol-
mes of 5–200 nL applied by spotting or aerosol applicators are
bout 1 mm wide in the direction of development while separated

ones are only about 1.5 mm. Thus the initial spot size is much too
arge for efficient separations. Morlock and co-workers [85] have
hown that a better match between the operational requirements
f monolithic films, and also nanostructured films (Section 5.3),
an be achieved by replacing equipment optimized for high perfor-
1.54
52

mance thin-layer chromatography with modified office computer
peripherals, such as inkjet printers for sample application and flat
bed scanners for chromatogram recording. Using a modified inkjet
printer they were able to apply spots of 0.45–0.87 mm diameter
(sample volumes of about 1–4 nL) and 3 mm bands of 0.2–0.6 mm
height (sample volumes of about 3–10 nL). Reasonable mass detec-
tion limits were obtained using flat bed scanners, in the 10 s of
nanogram range for strongly absorbing dyes in the visible region
of the spectrum (but these values represent quite poor concentra-
tion detection limits). The authors do not report any plate height
measurements. An emerging use of monolithic layers is in mass
spectrometry where an increase in mass detection limits of an order
or magnitude or more have been obtained using matrix-assisted
laser desorption ionization (MALDI) [86,87] and surface desorption
electrospray ionization techniques [88] compared with high perfor-
mance stabilized particle layers. These improvements result mainly
from a reduction in the layer thickness rather than an increase in
separation performance.

Porous polymer monoliths are simply prepared in a thin film
format using photoinitiated polymerization in a simple mold con-
sisting of two glass plates, one of which provides the support
structure for the monolithic film, separated with Teflon strips defin-
ing the film thickness [58,83,84]. Monolithic films 50–200 �m thick
were prepared from poly(butylmethacyrlate-co-ethylene dimetha-
cylate) monomers with other functional groups introduced by
grafting to provide different retention mechanisms or a charged
surface for pressurized planar electrochromatography (Section 2.4)
[58]. There are no details of the kinetic performance of these
layers or of their pore structure. They were used for the sepa-
ration of simple protein, peptide, and dye mixtures by one- and
two-dimensional thin-layer chromatography with capillary flow
(except for [58]). Different mass spectrometric techniques were
generally used for detection.

5.2. Electrospun nanofibrous layers

Electrospinning is a simple approach to producing polymeric
fibers with nanometer diameters in lengths up to several meters.

The motion of an electrically charged jet is used to deposit the
fibers on a metal substrate as a mat of controllable thickness
(Fig. 9). Materials evaluated for thin-layer chromatography include
poly(acrylonitrile) fibers [89] and glassy carbon fibers prepared
in situ by pyrolysis of a crosslinked poly(acrylonitrile) preformed
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length of 18 cm. This should allow optimum plate heights <10 �m
ig. 9. Scanning electron microscopic image of an electrospun fiber layer prepared
rom poly(acrylonitrile) (10% polymer solution). Reproduced from Ref. [89] with
ermission.

ayer [90]. The layers are sufficiently stable for general use without
he need for a binder and were prepared in sizes from 2 to 3 cm wide
nd 6 cm long for separations. The poly(acrylonitrile) layers were
ade from fibers with 400 nm diameters and are 25 �m thick. The

lassy carbon layers consist of fibers of 200–350 nm diameter and
thicknesses of 13–16 �m. Sample solutions of 50 nL were spotted
y syringe to give starting zones of about 0.25–0.50 mm, and after
evelopment by capillary flow, separated zones <2.5 mm in diam-
ter. Mobile phase velocity constants were generally higher than
bserved for high performance thin-layer plates. A remarkable fea-
ure of these layers is that for many compounds band broadening
s minimal and constant plate height values <10 �m over devel-
pment distances of 1–6 cm were observed. This performance is
uch higher than for stabilized particle layers using capillary flow

or forced flow). Since general expectations from molecular diffu-
ion are not observed some focusing mechanism must be operative
ither during the separation or as the thin films dry out when
emoved from the mobile phase. Also, the structure of the layers
s unique and there is no current theory to explain band broaden-
ng. Practical problems effecting performance are the low sample
apacity of the layers, achieving sufficiently small sample applica-
ion zone dimensions, the low specific surface areas of the fibers
21.7 m2/g for the poly(acrylonitrile) fibers], weak and less selec-
ive interactions with organic polymers compared with inorganic
xides, and in the case of carbon layers, additional difficulties in
ptical detection of separated zones. The initial results are inter-
sting and given the longer migration lengths possible compared
ith other ultra thin-layer formats the possibility of both high per-

ormance and high zone capacity should be easier to realize.

.3. Nanostructured films

Nanostructured thin films can be prepared by the vapor phase
eposition of electrothermally generated silicon dioxide using the
lancing-angle deposition (GLAD) technique [14,91]. Computer-
ontrolled biaxial substrate motion with deposition-rate feedback
acilitates the growth of nano-columns with engineered shapes,
uch as helices, square spirals, vertical posts, and chevrons (zig-
ag), as well as facilitating the introduction of macropores.
ariation of the experimental conditions allows control of the
lm thickness. Isotropic vertical posts (diameter ≈ 200 nm, spac-
ng ≈ 200 nm, and height 4.5 �m) and anisotropic chevrons (each
egment of the zig-zag 0.5 �m and a height 5 �m) on one inch
quare glass substrates have been used most commonly for sepa-
ations. The vertical posts were shown to collapse at the solvent
r. A 1218 (2011) 2648–2660 2659

evaporation stage limiting their reusability. Channel-like struc-
tures within the anisotropic films provide preferential mobile
phase flow directions at an angle to the solvent front with sepa-
rations occurring in diagonal tracks. This requires image analysis
and specific software for recording separations. Plate heights of
about 10–30 �m depending on the film morphology for solvent
development distances <1.5 cm were observed. Samples applied as
10–25 nL spots by syringe had zone dimensions of a similar size
to the migrated zones. At this early stage in the development of
nanostructured films the reported conditions for film formation
and film morphology are not necessarily optimal and so far no the-
oretical models are available to guide the design of these films. The
nanostructured films share the common problems of the separa-
tion media for ultra thin-layer chromatography: thin films have a
low sample capacity; lack of a practical method to apply sample
zones with dimensions that are negligible (or at least small) with
respect to the size of separated zones; difficulty in recording chro-
matograms by scanning densitometry; and greater experimental
difficulty in controlling conditions for development. As discussed
in Section 5.1, the use of modified office computer peripherals has
shown some promise with respect to solving the instrumental dif-
ficulties [85].

6. Conclusions

Thin-layer chromatography is not a static subject and continues
to evolve to meet different needs of its two major user groups. The
first and less demanding group considers thin-layer chromatogra-
phy as a fast and flexible laboratory technique for the separation
of simple mixtures requiring simple and inexpensive equipment.
For this group there is little that can be done to advance the per-
formance of stabilized particle layers as long as capillary forces are
used to provide the flow of mobile phase through the layers. Per-
formance is defined by the inadequacies of this flow mechanism.
Small improvements are possible by reducing the particle size dis-
tribution to increase the permeability of the layers and modestly
reducing the layer thickness to increase the mobile phase veloc-
ity without significantly affecting sample capacity and ease of use.
It is possible that spherical particles might also provide a mod-
est improvement in performance compared with irregular particles
commonly used. A question mark remains concerning the influence
of the binder on layer performance, but this is probably not great
for capillary flow systems and is of greater interest for forced flow
methods.

For the second user group interested in expanding the scope
of thin-layer chromatography to tackle more complex samples
achieving higher performance will mean abandoning the use of
capillary flow methods and exploring forced flow and pressur-
ized planar electrochromatography with stabilized particle layers.
This is the only sensible approach to tackle the dual problems of
capillary flow: an inadequate mobile phase velocity for obtaining
efficient separations and the dependence of the mobile phase veloc-
ity on the solvent front migration distance. Of the two approaches,
forced flow can be considered mature, in that it has been in use for
some time, but it is only recently that reliable and user friendly
instrumentation has become available with suitable operational
specifications for achieving high performance [23–25]. A problem
still remains in achieving the necessary reduction in the external
volume of instruments for use in the fully on-line mode. Current
systems are capable of supporting a reduction in the particle size
of stabilized particle layers to about 3 �m with a development
to be obtained. Studies on superficially porous particles would be
of interest as a mechanism to increase separation speed and per-
formance by reducing the intrinsic plate height and facilitating the
more economic use of pressure (similar to current developments in
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olumn chromatography). By comparison pressurized planar elec-
rochromatography is a promising technique but still in its infancy
ith much yet to be done to establish this method outside of the

ew research laboratories that have invested in the development of
he technique. There are major problems to be resolved in the man-
gement of heat flow within the system for conditions suitable for
igh performance. The beacon for persistence is that this technique
ompletely decouples the relationship between the mobile phase
elocity and particle size that ultimately sets the performance limit
or forced flow development. Since the efficiency of stabilized parti-
le layers is scaled to the particle size then small particle layers with
igh flow rates could be used in pressurized planar electrochro-
atography yielding fast and efficient separations. This remains

he hope but is not contemporary practice at this time. The normal
hase separation mode is favored in planar chromatography. So
ar pressurized planar electrochromatography has been developed
or reversed-phase separations and this may restrict the extent to
hich the technique is adopted.

Recent studies in thin films provide a glimpse of the role thin-
ayer chromatography might play in the world of miniaturized
eparation techniques. The separation media is still in the devel-
pment phase for these methods and their performance is difficult
o judge because the instrumentation required for their efficient
se is not adequate at present. Until advances in instrumentation
nd layer development become equalized the prospects for ultra
hin-layer chromatography remain undecipherable.
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