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DEVELOPMENT OF SOME HIGH~SPEED CHROMATOGRAPHIC METHODS
Sergio Ajuria-Garza .

Lawrence Radiation Laboratory
University of California
Berkeley, California

ABSTRACT

A thin-layer chromastography method has been developed using as
stationary phase a fine mesh ion exchange resin without any admixture,
thus eliminating the effects due to binding materials.. The plates can
be developed by the ascending, descending, horizontal or centrifugal
technique. The spots obtained can be removed mechanically by several
methods. An apparatus and a method of operation were developed for the
centrifugal acceleration of thin-layer chromatography on 5 X30 cm glass
plates with a substantial reduction in the time of development.

A universal chromatographic chamber equally suitable for horizon-
tal, centrifugal, ascending or descending chromatography either of paper
strips or thin-layer plates is described in detail. A comparisdn was
made of the rate of progress of the solvent front in the different
chromatographic methods. The speed of the front decreases sharply as
the distance from the origin increases except in the centrifugal case
in which the speed remains constant.

A method of tandem horizontal or centrifugal chromatography is
described which permits to increase the length of a chromatogram in
order to separate two substances with very similar Rf values. The
length of the chromatogram is only limited by the diffusion of the spots.

The above methods are applied to the separation df Zr95=Hf181,

Zr95ng95 el1_ Cmeuu

and Am . The radiochromatograms were evaluated by

direct scanning and autoradiography. These methods are also discussed.



~I. - INTRODUCTION

Thin- layer chromatography methods are characterized by their
high sensitivity, excellent sharpness of separation and hlgh speed
and because of this they now enJoy W1despread use. Many specilal methods
and techniques have been developed to further enhance these inherent
advantages.

The pufpose of this work is to descfibe the development and
application of three such new.methods: N

a. the use of ion exchange resins without any admixture as station-
ary phase, which eliminates the effects caused by the presence of
binding materials and permits the application of thin-layer chroma-
tography to a wider range of separations,

b. the use of a centrifugal field to accelerate thin-layer
chromatographic separations, which further increases the speed of the
method, and,

¢. a method of tandem horizontal or centrifugal chromatography
which permits to increase the length of a chromatogram in order to
separate two substances with very similar Rf values and which cannot
be separated in shorter plates.

- In the course of this investigation a universal chromatographic
chamber- was designed which is equally sultable for horizontal, centrif-
ugal, ascending or descending chromatography using either paper strips
or thin-layer plates. This universal chambef is described in detail and
it is also used to compare the rates of progress of the different types
of chromatography under similar conditions.

- The application of these methods is illustrated by the separation
of Zr95-Hfl8l, Zr95—1\Tb95 and Amgul—Cmguu. The radiochromatograms obtained
were evaluated by manual scanning and by autoradiography. A discussion
of these methods is also included.

Although from a rigorous point of view paper chromatography can

be regarded as a particular case of thin-layer chromatography we will



follow the traditional nomenclature which differentiates between both
and we will define:

a. paper chromatography as that in which paper is the stationaryv
phase or the support for the stationary phase, and

b. thin-layer chromatography as that in which the stationary phase
or the support for the stationary phase is a finely divided solid
applied as a thin layer on a rigid surface which acts as mechanical
support.

The two methods are operationally different and this Jjustifies

the use of the traditional nomenclature.
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- II. - THIN-LAYER. CHROMATOGRAFHY ON ION EXCHANGE RESINS

. A. " Introductory Remérks

5

Several ion ékchangevmaterials, such as cellulose ion exchangers
and powdered ion exchange resins,5 haﬁe been used as stationary phases
for thin-layer chromatography. Berger et al.6 have used ion exchange
resins mixed with cellulose powder, and Lowenhaupt7 independently
. suggested that fine-mesh ion exchange resins could be. used for this
purpose. |

The cellulose in. the ion exchange papers and the binders used in
- TLC plates affect the process of separation6’8 because they give rise
to nonionic adsorption and partition phenomena and they reduce the
capacity of the stationary phase. _

Thus it was desirable to develop a TLC method using as stationary
phase ion exchange resins without any admixture. _

Preliminary experiments using Bio-Rad (Dowex) AG 1-X8 ion
exchange resin revéaled that satisfactory thin layers can be prepared
using beads with a (dry) diameter of 150 microns or less, i.e., 100 mesh

or smaller.

B. Preparation of the Resin Layer

‘ A slurry is made by mixing 10 g of the ion exchange resin (as
supplied by the manufacturer, with ahout 25% of water by weight) and
10 ml of distilled water and stirring with a glass rod. This yields a
volume of about 20 ml of slurry which is enough to cover six plates
5 x 20 cm with a 100 micron.-layer of resin. The slurry is spread in the
usual‘wayg over glasgs plates previously cleansed and degreased by treat-
ment with a detergent and rinsed with distilled water. The plates are
kept in a horizontal position fo avoid any displacement of the layer when
still fluid and they must not be moved until the surface becomes mat,
about 15 minutes after the layer has. been spread. The edges of the layer

are scraped as usual either with a spatula or with a Teflon scraper cut



from a 1/8" Teflon plate (Fig. 1).  The plates should be scraped between
.15 and 25 minutes.after:ihe.surface becomes. mat because the resin.layer
is tooe fluid.immedlately after beiﬁg prepared asnd it will be teo dry for
.proper scraping after more.than 25 minutes.. The drying process. can be .
~ accelerated by heating with an’infrared“lamp, but. care must be exercised
to avoid complete drying since this will damage the layer as explained

in the next section.

C. Storage of the Plates

When the plates are allowed to dry at room temperature and.
humidity (23°C and 42% relative humidity) the resin layer cracks because
the beads decrease in volume upon drying. Berger et’aq;6 »obviate this
difficulty by mixing the resin with cellulose powder to stabilize the
layer. This however introduces an impurity and lovers the capacity of
the plate.

An alternate solution to this problem is to store the plates in
an atmosphere saturated or nearly saturated with water vapor. A simple
humid storage chamber can be improvised by placing a wiré'rack and & wet
sponge insiae a plastic bag which is hermetically closed by folding the
open end and clamping it with spring clips.

A more convenient storage chamber censists of a Lucite rack with
the outer walls coverea with cellulose sponge moistened with distilled
water (Fig. 2) and similarly placed inside a plastic bag. Two lucite
strips, one in the front and one in the rear, prevent the plates from
sliding out accidentally. The front strip isvhinged.to allow loading
and unloading the plates.

The plates can be stored almost indefinitely in this fashion.
Two plates were stored for a period of four months in a humid chamber
without any deterioration. '

The plates can remain outside the humid chamber for a few minutes

without cracking and they can be spotted and transferred to the
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Fig. 1.
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TLC plate scraper.
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chromatographic chambers without any damage. It is advisable however to
perform these operations in as little time as possible and all the

necessary items should be prepared beforehand. to avoid undue delays.

D. Application of the Sample

The sample solution is applied from a micropipette (1-2\) at a
line 3 cm from the edge of the plate. It has been found that the resolu-
tion of the chromatogram is improved if the. initial spot is collimated by
placing it between two lines carefully marked in the adsorbent layer with
a scalpel (Fig. 3).

When an extremely small initial spot is desired this can be
obtained by absorbing the sample in a single resin bead (20-50 mesh) and
implanting it in the resin layer with micro dissecting forceps.

Several spots canlbe applied in the same chromatogram after
dividing it by straight lines drawn in the direction of flow.

For preparative purposes it is also possible to apply the saﬁple.

as a wide starting band.lo

E. Test Sample

The sample used in this and in subsequent experiments for test
purposes was a mixture of 2% methyl red and 2% methylene blue in agqueous
solution (percentages by weight). The mobile phase was distilled water
and the Rf values obtained were zero for methyl red and one for methylene
blue.

The advantage of using this mixture as a test sampie;is that the
origin and the solvent front can be seen at all times anﬁ the progress of

the front can be easily measured.
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MU.35369

Fig. 3. Collimation of the spot on a TLC plate: a. spot
(sample) b. collimating lines c. edge of the thin
layer.
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F. Development of the Chromatograms

The chromatograms can be developed by the ascending, descending
or horizontal technique usiﬁg any of the conventional apparatuses
described in the literature.2 The particular apparatuses used in this
study are described below:

.For ascending development the chromatographic plate (or chroma-
toplate) was placed in a 1 liter graduate cylinder filled with the
appropriate solvent to a height of about 1 cm and covered with either
the top or the bottom of a Petri dish.

For descending development the chromatoplate was placed in a
% liter beaker covered with aucrystallization pan (190 x 100 mm). The
solvent feeding system consisted of a 100 ml beaker secured with tape
to the 1lip of the 3 liter beaker (Fig. 4) and a strip of Whatman No. 1
filter paper, size 10 X 5 cm, inserted in the solvent tank and laid on

the adsorbent layer.
- For horizontal development the plate was laid on top of two Petri

dishes and the solvent was fed from a third Petri dish through a strip
of Whatman No. 1 filter paper, size 10 X 5 cm. The assembly was covered
with a glass jar (Fig. 5). The chromatoplate can alternately be covered
with a second glass plate of identical shape and dimensions, held above

the resin layer by two plastic spacers.

G. Removal of the Spots

After development of the chromatogram the spots containing the
separated substances can be removed mechanically by several methods:
a. washing with a fine stream of solvent, using a wash bottle. The
resin containing the substance of interest is collected in a glass cone
b. scraping with a spatula, again collecting the resin in a glass
cone
c. removing single beads from the resin layervwith micro dissecting

forceps and the aid of a microscope.



-10-

MU-35370

Fig. 4. Descending thin-layer chromatography apparatus:
" a. chromatoplate b. 3 liter beaker c. 100 ml beaker
d. strip of filter paper e. crystallization pan
(150 100 mm).
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MU-35371

Fig. 5. Horizontal thin-layer chromatography apparatus
a. chromatoplate b. Petri dishes (inverted) c. Petri
dish (solvent feeding tank) d. strip of filter paper
e. glass Jar.
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When +he substances of interest are radioactive and it 1is only
desired to measure their'activity or to obtain. beta or gamma spectra
the resin ‘beads can be adhered to a piece of colorless adhesive tape
(Scotch tape) and removed from the plate. The adhesive tape is cut in
the form of a rectangle with an. area slightly larger than that of the
spot. A small margin is allowed to permit handling the tape with .
tweezers.. The tape is pressed against the layer with a glass rod with.
a flattened end (Fig. 6). The beads are then removed and another piece
of tape can be used to seal them completely and prevent them from falling

accidentally.

H. Effect of Bead Size and Degree of Crosslinkage

Since the ion exchange resins are available in various particle
sizes and degrees. of crosslinkagé iﬁ is interesting to consider Jhat
effects.these variables will havevonlfhe chromatographic separation.

The size of the particles affects mainly the drying characteris-
tics of the layer; as the partiéle size decreases the drying time
decreases also (Table I).  The capillary properties, i.e., the rate at
bwhich the solvent flows'apross the layer by capillary action, do not
seem to be influenced very greatly by the size of the beads. The spots,

however, are more sharply defined in the layers with smaller beads.

Table I. Approximate drying times (to cracking) of freshly prepared ion
exchange resin layers at 23°C and 42% relative humidity.

Mesh size Time (min.
50-100 v 120
100-200 90

200-400 60

minus 400 30
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MU-35372

Fig. 6. Removal of a spot by the adhesive tape method:
a. glass plate b. thin layer of resin beads c. plece
of colorless adhesive tape d. tweezers e. glass rod
with flattened end.
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The degreé of crosslinkage affects the process in several ways.
- As the crosslinkage increases there isa decrease in the moisture content
_of the beads and in the dry weight.capacity (capacity per unit weight of

dry resin). But the swelling factor

_ diameter of swollen (wet) beads
£ diameter of dry beads

decreases also and the wet volume capacity (capacity per unit volume of
wet resin) is therefore increased.'11 Thus the increase in crosslinkage
decreases the tendency of the layer to crack and increases the capacity

of the layer for a given area and thickness.

These considerations indicate that the most suitable resins for
thin layer chromatography (TLC) will generally be those with small
particle size and high degree of crosslinkage. _

The degree of crosslinkage however, influences also the equili-

17

brium between ions, and in-order to attain equilibrium or near-

equilibrium conditions it is necessary to reduce the rate of flow of
the solvent (Cf. Sec. V) as the crosslinkage increases. This limita-
tion must then be borne in mind when choosing the particular resin to

be used in a given experiment.
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TIT. CENTRIFUGAL ACCELERATION OF THIN-LAYER CHROMATOGRAPHY

A. Introductory Remarks

The use of .centrifugal force.to accelerate paper . chromatography.
‘has been extensively developed and applied. in the last few years.” . The
success of this method suggests that it could also be used to further
enhance the inherent advantages of thin-layer chromatography.

Rosmus. et al.l2 have developed a centrifugal TLC method using -
silica gel spread on an aluminum disc. While yielding goed separations
in a shoert time this method has the disadvantage commen te all circular
chromatograms that it produces arc-shaped patterns, the size of the arc

13

being. proportional te the R_, of the substance. This renders the

f
circular technique unsuitable for guantitaetive determinatioens.
It was interesting therefore to develop a centrifugal TLC method

using standard rectangular glass plates.

B. Prel;minary Experiments: Mechanical Stability of the Adsorbent
: Layers
To establish the feasibility of the method it was necessary to

determine the mechanical stability of the adsorbent layers under centri-
fugation. For this purpose the adsOrbents were applied toe ordinary
microscope slides, 26 x 76 mm, and centrifuged. During the process of
chromatographic separation one pért ef the adsorbent layer  is wet with
solvent and. the rest is dry. Therefore, stability tests were carried
out for both dry and wet adsorbent layers.

The dry chromategraphic plates were placed .in polyethylene test
tubes (100 X 30 mm) and centrifuged at various speeds in a clinical

*
centrifuge calibrated with a portable tachometer.T The same procedure

*
International Clinical Centrifuge Model CL, Head No. 211
(International Equipment Company)

JrJones Multiple Range Hand (Portable) Tachometer-Continuous Indicating
Navy Spec. 18T22, Type B, Class A
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was . used for the wet chromatographic plates but these were Titted with a
solvent feeding system which consists of a strip of filter. paper. .
(Whatman No. 1) 40 X 25 mm held firmly against the adsorbent .layer by
means of a Lucite rectangle 8 X 25 mm. The solvent reservoir is the
paper itself folded several times in an accordion-like fashion (Fig, 7),
This assembly is secured to the chromatoplate by two pieces of adhesive. .
tape. The solvent is loaded holding the slide vertically with the filter
paper in the lower end and soaking it with solvent by means of & syringe.

Three different adsorbents were studied: Bio-Rad (Dowex)AG 1-X8,
minus 400 mesh ion exchange resin, Adsorbosil-1l (silica gel with 10%
CaSOu) and Adsorbosil-2 (silica gel without binder). The resin layers
were prepared as described in Sec. II. B and the silica gel layers were
prepared by the standard‘procedure.9

The critical speed, i.e., the SPeed’at which the adsorbent layer
breaks up, was measured for each adsorbent in the dry and wet conditions.
-In the case of the resin layer the term "dry" is used for the layer with
25% water by weight, since a smaller moisture content renders the plate
unusable. The results (Table II):show that the wet layer is less stable
than the dry layer, - Failure occurs by different processes in each case.
In the dry layers relatively large sections of adsorbent are dislodged
frem the ﬁlate whereas the wel layers are washed away by the solvent,

The stability of the layer depends also on its thickness and on

the particle gize of the adsorbent; it decreases as the thickness and.the

particle size increase.

Table II. Critical speeds (in rpm) of various adsorbent layers. (Wet
and dry conditions; thickness = 100 microns.)

‘Adsorbent Wet layer Dry layer
Dowex~1 980 1600
Adsorbosil-1 ' 11L0 2300

Adsorbosil-2 . 11ko , 2300
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Centrifugal
force

MU-35373

Fig. 7. Experimental apparatus for centrifugal TLC on
microscope slides: a. microscope glass slide b. thin
layer of adsorbent c. strip of filter paper d. lucite
paper holder e. transparent adhesive tape.
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Good separations have been obtained by centrifugal paper chroma-
‘tography at speeds between 200 and 75O/rpm.l5?lufl5 Since the.adsorbent
. layers investigated are stable in this range of speeds it was concluded
 that the centrifugal thin layer chromatography method proposed is feas-
ible, at least for these adsorbents and similar ones. The optimum .
operating speeds; however, need not be the séme and should in general.. .
be lower since the thin-~layer technique per se is faster than the paper
technique.

The'preliminary experiments were concluded by actually carrying
out a separation with the system as shown in Fig. 7 using the test’
mixture of methyl red and methylene blue (See Sec. II..E). The mobile
phase was distilled water. The sample solution was applied from a 1A
micropipette at a line 5 mm from the edge of the filter paper and the
chromatoplates were centrifuged at 500 rpm in a clinical centrifuge.

The solvent front travelled 60 mm in a perioed of 1 min. Good

separations were obtained with the Rf values of zero for methyl red and

one for methylene blue.

C. Centrifugal Thin-Layer Chromatography on 5 X 30 cm Glass Plates
The method was adapted for use with 5 X 30 cm glass plates (3 mm

thick) by using two cylindrical chambers which contain the chromatoplate,
a solvent feeding tank and a solvent receiving tank, the latter for use
in the continuous elution technique for which centrifugal chromatography
is particularly suitable. The solvent is fed through a strip of Whatman
No. 1 filter paper held against the adsorbent layer by a small
(5 X 1 x 0.15 cm) Lucite plate secured to the glass plate with trans-
parent adhesive tape.

The chambers (Fig. 8) are 1/8" Lucite tubes 13 inches long and
2 inches inside diameter. The ends of the tubes are tightly closed by
screw caps énd the chambers are firmly bolted by wing nuts to an aluminum

rotor driven by a 1/5 hp universal electric motor controlled by & rheostat.
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Fig. 8. Cylindrical chambers for centrifugal TLC: a. lucite
tube b. screw caps c. solvent feeding tank d. solvent
receiving tank e. chromatoplate fitted with strip of
Tilter paper and lucite paper holder f. U-clamp to
secure the chamber to the rotor.
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Lucite was choesen feor the censtruction.ef this and other appara-
tuses described in. this. woerk because it is easily machined, .practically
cinert and readily available.. . - ,

The apparatus was designed te be used primerily for the. separa-
atien of radieactive substances. Because.of this and. in order. .to protect
‘the operater against mechanical, .chemical and radiocgactivity hazards the
reter and the chambers are enclesed in a glove bex with 1/4". aluminum
walls and bottem and a 1/L4" Lucite cover (Fig. 9). The glove bex was
fitted with a blower that maintains in the interier a negative. pressure
relative to the laboratory roem even. when the centrifuge is operating
at. full speed. The.outgoing air passes through a filter te trap any

-possible airborne contamination (Fig. 9).

D. Method of Operatien

A wad of filter paper is placed in the feeding tank. The thin-
layer plate, prepared .in the usual manner, is placed. in the chamber and
fitted with the feeding filter paper strip. The sample solutien is then
applied from a micropipette at a line 2 cm frem the end of the feeding
-strip. It is again.poessible to apply several spots in the same chremato-
’ gram or to apply . the sample in the form of a band (See Secg IIa D)o An
apprepriate selvent is added to the feeding tank and the chamber is
tightly clesed., '

It is coenvenient to start the motor only after the selvent has
reached the initial spot by capillary actien. In the early stages the
process is almest as fast with the centrifugel field as witheut it and
& better solvent froent is obtained in the latter case.

The eptimum eperating speed is a function of the statienary and

mobile phases used, but. it is generally between 300 and 500 rpm.
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Fig. 9. Glove box for the chromatofuge.
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E. Testing.-of the Apparatus

The performance of the apparatus was tested with a mixture .of
2% methyl red and 2% methylene blue in agqueous solution. The .stationary
phase was Bio-Rad (Dowex) AG 1-X8, ~-400 mesh ijon-exchange resin. and the
mobile phase was distilled water. The R_ values obtained were zero for

T
methyl red and one for methylene blue, with the solvent front at 12 cm

from the origin.
Good separations were obtained in 20 minutes at 300 rpm.

¥, Advanteges and Disadventages of the Cylindrical Chambers

The cylindrical chambers described have been used successfully
to obtain good separations by the centrifugal TLC technique. )These
chambers have the advantages of ease of fabrication and eage’ of sealing
but théy have the disadvantqge'of & comparatively large free volume which
makes proper saturation withithe solvent vapor difficult.

It was also seen that the Lucite tubes used originally were not
strong enough to withstand the centrifugel forces involved for long
periods of time. The tubes showed severe cracks after 10 hours at 300
rpm plus one hour at 500 rpm and their use was discontinued for safety
reasons. The useful life of the chambers can obviously. be prolonged by

the use of materials with greater mechanical strength.
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IV. A UNIVERSAL CHROMATOGRAPHIC CHAMBER

The difficulties encountered with the cylindrical chambers dis-
cussed previously were eliminated.by medifying. the design, preserving,
however, the basic characteristics. The chambers are now.carved on
Lucite blecks 38 cm leng,. 10 cm wide and 4,8 cm thick. Each.chamber
(Fig. 10) consists of a recess 6 mm deep to held the chromatoplate, a
solvent feeding tank and a solvent receiving tank.. When the continuous
elution technique is net used a Lucite bleck can be placed in the receiv-
ing tank to reduce the free volume of the chamber. The filter paper
strip used to feed .the solvent is again heid by a small Lucite plate but
.it 1s now secured in a recess provided for that purpose.

The chambers are covered with a tight-fitting transparent Lucite
plate to which a scale can be affixed; this allows easy observation of
the progress of the separatien. The clearance between the surface of
the chromatogram and the cover is about 3 mm, se that the free wvolume of
the chamber is small. - The chambers are bolted with wing nuts to the
aluminum rotor as used before (Figs. 11 and.12).

The method of operation is identical to that used with the cylin-
drical chambers. The apparatus was tested with the solution of methyl
red and methylene blue used before, and similar results were ebtained.

This design has proved to be very versatile: it can be adapted
.for ascending and descending chremategraphy using special interchangeable
feeding and receiving tanks which fit inside the original tanks in the
Lucite bleck., They can alse be used for paper chromategraphy.

These chambers can then be used for herizental, centrifugsal,
ascending or descending chromatography using either thin-layer plates or
paper strips, and for multiple developmerit16 and continuous elution separg=
tions. Because of this versatility the designation of "universal chroma-
tographic chambers" seems appropriate.

For horizental chromategraphy the precedure is the same alresdy
described.but the centrifugal field is not applied. Some separations
.proceed so rapidly of their own accord that centrifugal acceleration is

not necessary.
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Fig. 10. The universal chromatographic chamber: a. glass
plate (chromatoplate) b. solvent feeding tank
c. solvent receiving tank d. lucite paper holder
e. cover



-25-

v

y
"I\
N

<—C

MUB-4898

Apparatus for centrifugal acceleration of thin-layer
The enclosing box is not shown for
a. chromatographic chambers b. rotor

Fig. 11.
chromatography.
greater clarity.
c. electric motor,
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ZN-5050

Fig. 12. Apparatus for centrifugal acceleration of thin-layer
chromatography. The universal chambers in the chromato-
fuge.
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Flow

MU.35375

Fig. 13. The universal chromatographic chamber. Arrangement
for ascending TLC: a. chromatoplate D. solvent feeding
tank c¢. lucite block (to reduce free volume of the chamber)

d. chamber cover.
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Fig. 14. The universal chromatographic chamber. Arrangement
for descending TLC: a. chromatoplate fitted with feeding
filter paper strip b. solvent receiving tank c¢. solvent
feeding tank d. chamber cover e. lucite paper holder
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The tanks for ascendlng and descendlng chromatography are shown

in Figs. 13 and 14 which also illustrate their use.

V. FLOW RATE OF THE SOLVENT THROUGH THE STATTONARY PHASE

A. Introductory Remarks

The speed of separation in paper chromatography and in thin-
-layer chromatography is determined mainly by the flow ratevof the moebile
phase (solvent) through the statienary phase.

The flow rate of the moebile phase also influences the equilibrium

17

of the process and hence the resolution of the chromatogram, and
_indirectly the Rf velues of the substances being separated.
It is therefore important to review the factors that affect the

rete of flow.

B, Factors Affecting the Rate of Flow

The principal factors that affect the rate of flow of solvent in

~paper chromatography and in thin-layer chromategraphy are:
a. the nature of the mobile phase-stationary phase system
- b. the geemetry of the stationary phase
c., the temperoture of operation
d. the method ef development.

The rate of flow can be varied to some extent by changing the
above factors.

The nature of the mobile phase-stationary phase system is
determined mainly by the nature of the substances one wishes to separate,
but the system can be modified to increase the rate of flow., The mobile
phase oan be modified by the additioen of surface-active agents and the
stationary phase can be chosen;so that its‘micro-étructure (e.g,, size
and number of peres, alignment of channels, etc.) favors the flew of

solvent.
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The geometry of the stationary phase (i.e., the geometrical
figure formed by the edges of the chromatogram) has been shown to in-
9

. 1 -
fluence the flow velocity in paper chromatography ~ and similar effects

would presumably occur in thin-layer chromatography.

Elevated temperatures have been used to accelerate chromatos
‘graphic-separations but there are problems associated with the high
vapor pressure of the majority of mobile phases.12

The influenée of the method of development on the flow rate will

be discussed in Sec. V. C.

C. Comparison of the Rates of Progress of the Solvent Front in Horizontal,
Ascending and Centrifugal TLC

The different methods of development (horizontal, ascending,
descending, and centrifugal) were compared under similar conditions using
the same mobile vhase~stationary phase system at the same temperature and
in the same (universal) chromatographic chamber. The measurements were
made using the test sample of é% methyl red and 2% methylene blue in
aqueous solution. The stationary phase was Bio-Rad (Dowek) AG 1-X8 minus
400 mesh ion exchange resin in the:éhloride form and‘the_mobile phase was
distilled water. The resin layer was of the same geometry (rectangular)
and dimensions (30.0 X 4,6 cm and 250 microns fhicﬁd in all cases.

As commonly done in paper chromatography the rate of flow was
megsured indifectly as the rate of progress of the solvent front which
can be assuméd to be proportional to the rate of flow‘per unit area of
cross section. The results obtéihed‘are shown in Tables III to VIIT and
in Fig33 15 and 16. The speed of the solvent front at different times

was obtained from these graphs by graphical derivation usihg the method
of the mirror. The results are shown in Table IX and in Fig. 17. The

* v
thickness of the resin layer saturated with solvent
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Table IIT. Rate of progress of the solvent front. Descending TLC.

Distance Time Distance Time
(cm) (sec) "~ (cm) ' (sec)
0. 0 14,0 910
1.0 20 15.0 1020
2.0 55 16.0 1140
5.0 95 17.0 1260
5.0 180 18.0 1365
6.0 245 19.0 1530
7.0 315 20.0 1680
8.0 390 21.0 1875
9.0 460 22.0 2055
10.0 560 25.0 2700
11.0 640 26.0 3000
12.5 785 27.0 3195
13.0 825 28.0 3660
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Table IV. Rate of progress of the solvent front. Horizental TLC. . -

Distance Time Distance Time
(cm) (sec) (cm) (sec)
0 0 16.5 1990
1.0 35 17.0 2100
2.0 80 17.5 2235
3.0 : 140 18.0 2355
4.0 : 205 18.5 2490
5.0 285 19.0 2640
6.0 370 19.5 2790
7.0 455 20.0 : 2940
8.0 575 20.5 3090
9.0 695 21.0 3205
10.0 825 21.5 3375
11.0 | ' 975 22.0 3540
11.5 1025 22.5 3755
12.0 1120 23.0 3915
12.5 1185 23.5 k110
13.0 1270 2k,0 4290
13.5 1360 2k .5 4515
k.0 1460 25.0 4755
14.5 1570 25.5 4965
15.0 1660 26.0 5220

15.5 1775 26.5 5640
16.0 1885  26.8 5830




_53_

Table V. Rate of progress of the solvent front. Ascending TLC.

Distance Time
(cm) (sec)
0 0
1.0 140
2.0 270
4.0 555
5.0 765
6.0 1050
7.0 1440
8.0 1920
9.0 2400
10.5 3240
11.0 2570
11.5 3870
12.0 4230
12.5 4650
13.0 4950
13.5 5460
14,0 5940
15.0 6570

16.0 7620
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Table VI. Rate of progress of the solvent front. Centrifugal chromato=-
: graphy. ©Speed = 300 rpm. .

Distance Time Distance Time
(cm) (sec) (cm) (sec
0 0 12.0 1200
1.0 60 12.7 1260
1.5 120 ‘ 13.5 1320
2.0 180 14.0 1380
2.5 240 4.7 1440
3.5 300 15.6 1500
L.5 360 16.5 1560
5.0 L2o 17.3 1620
5.5 480 17.7 1680
6.0 540 : 18.2 1740
6.5 600 19.0 1800
7.5 660 19.5 1860
8.0 720 20.0 1920
8.5 780 20.5 1980
9.0 8L0o 21.0 2040
9.5 900 21.5 2100
10.0 960 22.0 2160
10.5 1020 22.6 2220
"11.0 1080 23.5 2280
11.5 1140 2k.0 2340
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Table VII. Rate of progress of the solvent front. Centrifugal chromato-
graphy. ©Speed = 500 rpm.

—
———

Distance ’ Time
(cm) (sec)
0 | | 0
1.5 60
5.0 180
9.5 300
13.5 ' L20
18.5 540
2k.o | 660
25.5 N 690

Table VIII. Rate of progress of the solvent front. Centrifugal chromato-
graphy. Speed = 570 rpm.

Distance . Time
(cm) (sec)

0 0
0.6 b5
5.5 120
12.0 _‘ 2ko
19.5 360

24,0 Loo
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MU.35377

Fig. 15. Rate of progress of the solvent front: 0 descend-
ing TLC b. A horizontal TLC 0 ascending TLC
A centrifugal TLC at 570 rpm.
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MU.35378

Fig. 16. Rate of progress of the solvent front. Centrifugal
TLC: 0 at 300 rpm 0 at 500 rpm
A at 570 rpm
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Table IX. Variation of the speed of the solvent front.

Descending Horizontal Ascending
Chromatography Chromatography Chromatography
Time Speed Time Speed Time Speed
(ksec) (cm/ksec)  (ksec) (cm/ksec) (ksec) (em/ksec)

0 T2.50 0 25.0 0]
0.5 12.50 0.5 8.4 0.5 6.4
1.0 9.00 1.0 6.6 1.0 3.2
1.5 6.75 1.5 4.6 1.5 2.4
2.0 5.00 2.0 h.,2 2.0 2.1
2.5 4.50 2.5 3.8 2.5 2.0
3.0 k.00 3.0 3.2 3.0 1.6
3.5 4,00 3.5 3.0 3.5 1.6
4.0 2.5 4.0 1.5
L.5 2.k L.5 1.4
5.0 2.1 - 5.0 1.h
5.5 1.3 5.5 1.h
6.0 1.b4
6.5 1.h4
7.0 1.2
7.5 1.0
8.0 1.0

|
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MU.35379

Fig. 17. Variation of the speed of the solvent front:
O descending TLC A horizontal TLC
0 ascending TLC. I. Centrifugal TLC at 300 rpm
II. Centrifugal TLC at 500 rpm III. Centrifugal TLC
at 570 rpm
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speeds are given in Emksec). This unit was chosen as a matter of con-
venience: the conventional time system (using hours, minutes and seconds)
ig not decimal and it is very awkward for calculations. It was decided
to measure time in seconds only but this unit is very small and the
kilosecond was adopted instead. Expreésed in conventional time 1 ksec
= 16 minutes 40 seconds.
The above data. show that the flow starts quite rapidly in all
- the methods. However, the rate of flow falls sharply as the distance
from the origin increases except in the centrifugal case in which it
- remains constant. Of the non-centrifugal methods‘the fastest is the
descending, follewed by the horizontal. The ascending technique is the
slowest.
It is evident that the centrifugal technique is particularly

advantageous for the separation of substances whose R. values are very

low or very close together. In these cases the solveit front must
travel a comparatively long distance to effect a separation. The
advantage obtained is twofold: the separation is achieved in a. shorter
period of time and the spots obtained are smaller since the spot size

increases linearly‘with'time.go

*D. Flow Rate and Equilibrium

It has Dbeen shown both theoretically and experimentally17 that
the flow rate in column chromatography (commonly expressed as volume.per
unit time or as volume per unit time per unit area of cross section)
infiuences the equilibrium of the process. True equilibrium is attained
only at wvery low.flow ratesgl but-then the process is very slow. As the
flow rate increases the process is faster but non-equilibrium conditions
will prevail and. the zones containing the substances being separated
increase in size bringing about a lower resolution. For a given system

there is an optimum flow rate (or range of flow rates) which yields a
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separation with good resolution in a reasonable time. This optimum rate
has been determined for many systems. Typical values are of the order

of a few cmB/min/cmg.

E. Flow Rate Per Unit Area of Cross Section in Descending TLC and in
Centrifugal TLC

It is now interesting to determine the flow rate per unit area

of cross section in a thin~layer chromatographic separation and compare
it with the optimum flow rate one would.use in an analogous column
operation. |

The system chosen for this study is one using as stationary
phase Bio-Rad (Dowex) AG50W-X12 ion exchange resin, minus 400 mesh, in
the ammonium form and as mobile phase.a 0.4 M agueous solution of
ammonium alpha-hydroxy-isobutyrate. This is the system used in the .
separation of Am and Cm which will be discussed later (Sec. VII. C) as
 an application of the centrifugal TLC technique. The optimum rate of

flow- for this separation in a column is about 500 x/min/cme,
Thin-layer chromatography as normally carried out cannot be

rigorously compared with column chromatography because there are some
important differences in the two metheds:

8. 1in thin-layer chromatography the process is normally started
with the stationary phase dry whereas in column chromatography the
stationary phase is initially saturated with solvent

b. in thin-layer chrOmatography-the process 1is normally interrupted
before the solvent flows out of the.statienary phase whereas in column
chromatography the solVent is passed through the stationary phase in a
continuous stream

¢. in thin-layer chromatography the statienary phase is not complete-
ly enclosed, but has a large free surface where evaporation can occur to
a greater or lesser degree whereas in column chromategraphy the station-
ary phase is completely enclosed and the evaporation of the solvent is

nil,
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A fairly approximate comparison can however be made if these
differences are eliminated by running the thin-layer chromatogram as one
would run a column, i.e., by passing the solvent in a continuous stream
through the saturated thin-layer in a tightly closed chamber.

| Since the stationary phase is not completely enclosed but has a
frée surface, there is the possibility that.a portion of the solvent
might f1ow over the adsorbent layer;

This possibility was'investigatea by microscopic observations of
the chromatographic process in a horizontal thin—layér chromatogram. It
was seen that the solvent flows only through the adsorbent layer.

In the cése of the centrifugal technique 1t is of course impossible
to observe the process directly, but again it seems unlikely that there
is any flow over the adsorbent layer. When the layer is deliberately
flooded the surface of the chromatogram reflects light as does the free
surface of any ordinary liquid; but when the solvent is within the
adsorbent layer the chromatogram has a mat appearance. All the chroma-
tograms de&eloped by the ceﬁtrifugal technique have shown this mat
appearance immediately after the centrifuge. is stopped.

The deséending aﬁd centrifugal techniques were chosen for this
study because they are the most amenable to column type operation.

The adsorbent layers were of the same geometry (rectangular) and
dimensions (30 X 5 cm and 250 microns thick*) in both cases. This repre-
sents a cross section of 0,125 cm2o The experiments were done in the
same (universal) chamber at the same temperature.

' Thé descending chromatogram was allowed to run for 24 hours and

the volume of effluent was measured every six hours.
The centrifugal chromatogram was run at 310 rpm because this had

been found to be a suitable speed from the point of view of the mechanieal
properties of the layer. The chromatogram was run for two hours and the

volume of effluent was measured every 15 minutes.

pa—

%
-thickness of the resin layer saturated with solvent



-43-

The results obtained were the following:

a. for descending TLC:
Total flow rate = 7 A/min

Flow rate per unit area 5
of cross section = 57 N/min/cm
b. for centrifugal TLC at 310 rpm:

Total flow rate = 54 A/min

Flow rate per unit area

of cross section

These results show that the flow rate per unit area of cross

= k29 k/min/cm2 .

section in centrifugal TLC is very similar to the optimum flow rate

in a column while bthe flow rate in descending TLC is very much lower.

Theoretical Considerations on the Influence of Solvent Flow on the

F.
Rf values

e have derived an equation in which the variation

Wood and Strain2

of the Rf values with the distance travelled by the solvent front is

expressed as a function of the quantity of solution and its distribution

in the adsorbent.
In one of its forms this equation can be written as

(z - R)

N |-

dr _
dz ~

where R 1is the Rf value, 2z 1is the distance travelled by the solvent

front and 7 1is a new parameter which is the ratio of the speeds of the

solute front (y) and the solvent front (z):

7 = dy/dt
- © dz/at



According to this equation, & nen-uniform distribution of solvent
. Lwhich will give rise to different flow velocities along the chromate-
gram) will cause a variation of the Rf values as the distance travelled
by the solivent front increases,
There are several possibilities according to the values of R
and Z relative to each other. o | o
If R is constant then Z must also be constant and equal to R.
If Z 1is constant but different from vR it can be either greater
or smaller than R, If Z 1s greater than R then dR/dZ will be
greater. than one and the R value will increase. If Z is smaller
than R +then dR/AZ will be less than one and the R value will decrease,
If Z is not constant but & function of =z, then R may

increase or decrease.

These different possibilities"are summarized in Table X.

Table X. Different possibilities in the equation of Wood and Strain.

R = constant ; R = 2
Z =R
7 = constant R
Z >R —9az'> 1 -R ¢
Z # R
Z<R9%<lﬁR¢
_ '\‘. ) T
7 = f (z) # constant —»R |

Arn increase is denoted by an arrow pointing upward and a decrease is

denoted by an arrow pointing downward.
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The distribution of solvent in.the stationary phase is a func-
tion of the nature of the stationary phase and the solvent and of the
method of development. .

When aqueous solutions flow through paper the éellulose fibers
absorb water relatively slowly and the paper becomes saturated progres-
sively. This causes a non-uniform distribution of solvent in ascending
and in horizontal (radial) development. But in descending development
the solvent is distributed fairly uniformly,22

The Rf of methyl orange in paper (Eaton-Dikeman, Grade 301)
using water as solvent was found to be constant in descending develop=-
ment and to decrease in ascending development. The Rf appeared also to
be constant in horizontal (radial) development in spite of the non-
uniform distribution of solvent.

The distribution of solvent was determined experimentally for a
system using Bio-Rad (Dowex) AG 1-X8, minus 400 mesh ion exchange resin
and water. Several chromatograms were prepared and developed by the
different methods (horizontal, ascending, descending and centrifugal).
After development of each chromatogram the resin layer was divided in
sections along the direction of flow and the sections were removed by
scraping (See Sec. II. G), welghed in an analytical balance,'dried at
lBOOC for one hour and reweighed. The solvent was found to be uniformly
distributed (within experimental error) in all cases. From this considera-

tions one would expect the Rf values to be constant in this system.
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VI. TANDEM CHROMATOGRAFHY

When two substances have very similar Rf values ﬁhe solvent
front must travel a relatively long distance for a separation to occur.
In some cases the spots reach the end of the chromatogram before being
completely separated.

If the horizontal technique is being used the length of a chroma-
togram can be increased by placing two or more chromatoplates in tandem
and filling the gap between them with dry adsorbent. This is done by
the method of Connolly et al.lo using an Al foil mask with a 1-mm slit.

The adsorbent is packed by firmly drawing the back of a spatula cver the
slit in the mask.

The length of the chromatogram is only limited by the diffusion
of the spots, since their size increases linearly with time and there
comes a point where they can no longer be detected or their edges may
merge again. ‘ ‘

In the case under discussion (i.e., two substances with very
similar Rf values) the two spots travel very close together and eventual-
ly they will both be in the second plate. It is very advantageous to
remove then the first plate and feed the solvent directly into the
second one. The time of development is thereby shortened since the rate
of progress of the solvent front decreases rapidly as the distance from
the origin increases (See Table IV and Fig. 15).

' The tandem technique can also be used in the chromatofuge. The
chromatoplates are prepared on 5 x 15 cm glass plates. The universal
chamber can contain only two plates: one hear the center of rotation
(inner position) and the other next to the receiving tank (outer position).
When the spots approach the end of the outer plate this is transferred to
the inner position (after removing the original inner plate) and a new
outer plate is placed in the chamber.

This process can be repeated several times, the length of the

chromatogram being limited again by the diffusion of the spots.
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Although the flow of solvent causes some elongation of the spots
the rate.of lateral diffusion is the same in a moving spot and in a
static one.

This was shown experimentally using the methyl red and methylene
blue test mixture (Sec. II. E) applied by the bead implantation .tech-
nique”(Sec. II. D) in Bio-Rad(Dowex) AG 1-X8, minus 400 mesh resin
layers. Two beads containing the test dyes were applied simultaneously,
‘one in a normal horizontal chromatogram and the other in a horizontal
resin layer wet with solvent but with no net flow. This latter was
achieved by covering the layef with a square sheet of Whatman No. 1
filter paper with a circular orifice (16 mm in diameter) in the center
and wet with solvent. The bead is applied in the center of the orifice
(Fig. 18).

The diameter of the static spet was compared with the lateral
diameter (the diameter in a direction normal to the flow) of the moving

spot. Both diameters were found to be equal at all times.
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MU-35380

Fig. 18. Experimental arrangement to study the diffusion of
a static spot: a. ' resin bead containing the dye
b. resin layer c¢. circular orifice d. Whatman No. 1
filter paper.
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VII. APPLICATIONS

1
A. Separation of’Zr95 and HE
181

81

Mixtures of Zr95 and Hf have been separated in a column

packed with Dowex-1 resin‘spheres in the chloride form and eluting with
9 M hydrochloric acid.25 v

A similar separation was achleved using the TLC technique with
ion exchange resin beads. The stationary phase was Bio~-Rad(Dowex) AG
1-X8, minus- 40O mesh ion exchange resin in the chloride form and the
mobile phase was 9 M hydrochloric acid. A development time of 43 minutes
was required for the solvent front to travel 12.2 cm from the origin,
using the ascending technique. The Rf values are O for Zr and 1 for
Hf. An autoradiography (Fig. 19a) was obtained as described in the next
chapter using Ilford G Industrial X-ray film. The exposure time was
7howrs.

The same separation was also carried out by the centrifugal TLC
technique at a speed of 300 rpm using the universal chambers. The
solvent front traveled 6.5 cm in 7 minutes. An autoradiography (Fig. 19b)

was obtained as before but the exposure time was 20 hours.

95 >

B. Separation of Zr and Nb9

Using methods and conditions similar to those described above it
was possible to separate Nb95 from Zr95.

The stationary phase was Bio-Rad (Dowex) AG 1-X8, minus 400 mesh
ion exchange resin in the chloride form and the mobile phase was 10 M HC1.
The separation was done by centrifugal TLC at 300 rpm; the solvent front
traveled 27 cm in 27 minutes. An autoradiography was obtained with an
exposure time of 32 hours (Fig. 20).

The Rf values are zero for Zr and one for Nb.
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ZN-4814

Fig. 19. a. Separation of Zr95 and Hfl8l by ascending TLC

b. Separation of 7r9 and Hrldl by centrifugal TLC.
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ZN-4815

95

Fig. 20. Separation of Zr95 and Nb by centrifugal TLC.
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117

24 oLl
C. Separation of Am * and Cm

Mixtures of Am and Cm have been separated in a Dowex 50-X12
cation resin column using as eluant a 0.4 M ammonium alpha-hydroxy-

242
1sobutyrate solution adjusted to pH 4.0.77 0

A similar separation vas carried out by horizontal tandem TLC
using as stationary phase Bio-Rad (Dowex) AG50W-X12, minus 400 mesh ion
exchange resin in the ammonium form and as mobile phase &a ok M ammonium
alpha-hydroxy-isobutyrate solution adjusted to pH L4.78 % 0.02.

The solvent front traveled 57 cm in 13 hours and the Rf values

obtained were:

Am - 0.75
Cm - 0.96

The same separation was done by centrifugal tandem TLC using the
universal chromatographic chambers.  The development time was 53 minutes
at 310 rpm and the solvent front traveled again 57 cm. The chromatograms
were evaluated by direct scanning and by autoradiogrephy (Fig. 21). The
exposure time'was three days in both cases. )

The purity of the separated substances was ascertained by pulse
height analysis of the alpha radiation emitted by the spots. The energy
spectra of the initial and final spots are shown in Fig. 22.

To obtain these spectra the spots were scraped from the TLC plate
and the activity was eluted with concentrated HCl. The resulting solu-
tion was separated from the resin beads by centrifugation and then plated
in Pt disks and flamed with an induction heater. The samples were then

analyzed in a Hewlett-Packard 400 channel pulse height analyzer.
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ZN-5055

Fig. 21. a. Separation of Am 2kl and Cﬂ by horizontal TLC
b. Separation of Am24l and cmlH by centrifugal TLC.
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Fig. 22. Separation of Amgul and szuu. Alphg

spots:
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VIII. EVALUATION OF RADIOCHROMATOGRAMS

Various techniques have been developed for the evaluation of
radiochromatograms. These techniques have been revieved by Pocchiari
and Rossi.

In the experiments discussed in Sec. VIIT the progress of the
separations was followed by manual scanning using a Geiger—Maller
detector for the beta and gamma emitters and a surface-barrier solid-
state (ss) silicon detector27 for the alpha emitters. Both detectors
were coupled to ratemeters.

After the completion of the separations autoradiograms vere
taken to locate and define the spots more accurately.

In the case of paper chromatography autoradiograms have been
made by lightly E?e§§ing_theidri§d chromatograms _on X-ray film, either

29

directly28 or with a sheet of "Cellophane' intervening, ~ and exposing

the film for a suitable length of time.
30

Schwane and Nakon” = have used a similar method with TLC plates,
placing a sheet of thin plastic (Mylar, Saran Wrap or Handi-Wrap) between
the -chromatogram and the film.

This technique was tested with the ion exchange resin chromato-
plates but it was found that it is very difficult to aveid damaging them,
however slightly. |

Direct contact between the radiochromatogram and the photographic
film is unsatisfactory from the point of view of safety because it may
lead . to contamination of the film and of the developing solutions. The
use of sheets of "Cellophane" or other materials can also lead to contam-
ination.

These difficulties are avoided by holding the photographic film
a short distance above the chromatoplate. Two rectangular section Lucite
bars are placed along the edges of the chromatoplate and the film is laid
on top. The height of the bars must exceed the thickness of the chroma-
toplate by about 1 mm and they must be slightly longer than the plate. .A
second glass plate is placed over the film to keep it in place and prevent

it from buckling (Fig. 23).
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Fig. 25. Arrangement to obtain autoradiographies without direct
‘ contact with the chromatoplate: a. chromatoplate
b. Tucite bars c¢. photographic film d. glass plate.
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An improved and more versatile apparatus for this same purpose
consists of a base with a shallow recess to hold the chromatoplate and
a frame to hold the photographic film. Both were constructed of Lucite.
The frame has four screws which permit varying the distance between the
chromatogram and thé film to compensate for any variations in the thick-
ness of the glass plates or of the layers. A 1/4" Lucite plate is
placed over the film to secure it in place.(Fig. 24).

As the distance between the radiochromatogram and the photo-
graphic film increases the images produced become more diffuse and the
exposure times. longer because the radiations are partially absorbed and
scattered by the air. These effects however, are small if the distance

is approximately of 1 mm.
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Fig. 2. Apparatus for autoradiography of TLC plates: a. base
b. chromatoplate c¢. frame d. photographic (X-ray)
film e. 1/4" Lucite plate.
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IX. CONCLUSIONS

The thin-layer chromatography method using ion exchange resins
without any admixture eliminates the effects caused by the presence of
binding substances or of cellulose as in the case of ion exchange
papers. .This lessens the difference_Between column chromatography and
thin-layer chromatography and simflifies the transference of separations
by one method to the other.

The centrifugal thin-layer chromatography method can produce
good sepafations in a period of time substantially shorter than that
necessary with the conventional (non-centrifugal) methods. In the
examples discussed in this paper the development time in the centrifugal
method was from 6 to 13 times shorter than in the other methods. It is
not possible to make a general quantitative statement concerning the_r
time reduction obtained sinée the speed of the process défénésioﬁ the
particular system and conditions used.

This technique requires however an apparatus and an operating
procedure more complicated than those used conventionally. This dis-
advantage is common to all centrifugal chromatography methods and their
use is therefore not Jjustified for occasional analyses.

On the other hand the centrifugal method should be valuable for
analyses where high speed of resolution is important, such as those
involving unstable substances (e.g. short-lived radioisotopes), and for
routine analyses, particularly those involving substances with very low
Rf values or substances with very similar Rf values. In these cases the
solvent front must travel a relatively long distance for a separation to
occur and it may be necessary to resort to multiple development or step-
wise elution which are ordinarily very time-consuming.

Another advantage of the centrifugal method is that it yields
smaller spots, since the process of separation is faster and the size of
the spots increases linearly with time.

The method of tandem TLC permits the separation of substances

with very similar Rf values which cannot be achieved in shorter
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chromatoplates. The method is slow if it is done by horizontal chromato-

graphy but it can be accelerated by méans of a centrifugal field.
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