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SUhlMARY 

Since no detailed reports on studies of the tamping method for packing prepar- 
ative columns have been reported in the literature, the subject has now been in- 
vestigated- Columns of diameter up to 52 mm and length up to 40 cm were used. 
employing silica gel with particle diameters 22, 33, 65. 124 and 240 ym. 

The zone shapes obtained in the columns and in the column ellluent were 
examined using detection of mobile phase fractions collected along the column radius 
or by investigating the zone shapes in the sections of the packing ejected from the 
column. On the basis of the above studies the following were established: the ef- 
ficiency of columns packed by the tamping method depends essentially on the rate of 
gel feeding; the efficiency of columns packed with the same particles increases with 
increasing column diameter; and the resultant efficiency in preparative columns is 
determined primarily by the shape of the substance zones, not by their local width: a 
particular role is therefore played by uniformity of packins and not by other param- 
eters 

On the basis of the investigations described above the optimum packing con- 
ditions for preparative columns packed by the tamping method have been described. 

IN-I-RODUCTION 

Analytical and preparative chromatographic columns are in principle expected 
to be of equai efficiency_ In either kind of operation, columns are prepared with beds 

composed of possibly small (spherical) particles, matched for shape and size, and 
forming compact structures of equal, ideally small, interparticle spaces. 

* Resented at the 3rd Danube S_vmposium on Chromatography, SiCfoh-, August 31-September 3.1981. 
The majority of the papers presented at this symposium have been published in f_ Chromafogr., Vol. 241, 
No. 1 (1982). 
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In preparative operations, more often only those packing characteristics are 
considered bvhich influence the output of the separation processes. i.e. the capacity of 
the porous Iayers, primariIy as a function of the specific surface of the particles. 

The above assumptions allow one to state that the differences between the 
theoretical plate values of analytical and preparative systems should only be related 
to the differences in the sample size or, in particular, to the use of amounts of sub- 
stance exceeding the linear range of isotherms characterizing interactions with the 
stationary phase. Such systems lvould, bon-ever, be nearly ideal. 

In practice_ the efficienq of the two kinds of column has been found to differ 
e\e~; if the packing methods and materials are similar_ If the differences in the so- 
called instrumental conditions under Lvhich the coIumn efficiency is tested can be 
eiiminated, (e.g. injection of substances. inflow and outflow of the mobile phase. etc.). 
there only \\-ill remain the influence of parameters resulting from diEerences in 
column size. The first to investigate this subject \vere Giddings and Robinson’. Stern- 
bsrg and Paulson’ and Knox and Pawher who had found that the ratio of column 
diameter to particle diameter should be ~6. Naturally. these results could not be 
treated as generalizations of practical importance to be applied to large-diameter 
columns. 

There are no unambiguous data re!ating to variations in the efficiency of col- 
umns Lvith increase in their diameter. Some Lvorkers (e.g. Sie and RijnderS) have 
found column efficiency to decrease with increase of diameter_ Others. such as 
Snydr? and Stewart er (I!.~. obsen-ed initially no change in efficiency and then a 
decrease with increasing column diameter_ Further experimental data have. however. 
leci to the opinion- that column efficiency may even improve with increasing diameter_ 

It ma>- be of particular importance in this study to investigate the character and 
estent of the packing area adjacent to column Lvalis. The significance of this area for 
coiumn efficiency can be inferred from studies performed by Knox and Parche? and 
De Stefano and Beachell ‘-’ These workers employed the so-called infinite diameter _ 
phenomenon to inject solutions of substances in an unconventional manner. i.e. so as 
to make them occupy only the central part of the packin,, = with esclusion of the ~~11 
area_ Under such conditions_ the above-mentioned authors achieved improved ef- 
ficiency of large-diameter columns. Unfortunately. the method of infinite diameter 
cannot be used in practid preparative chromatography. where column output is 
usually essential_ 

Reports from the literature usually agree that the area adjacent to the column 
wails is less compact_ and particle distribution in it more irregular, than it is near the 
centre (axis) of the column. The contribution of that area to separation processes will 
depend on the ratio of mass of packing in that area to the entire mass of the packing. 
However. some Lvorkers beliece that this area extends to the depth of several multi- 

ples of particle diameter (e-g_, ref_ IO: 5 JP)_ while others report much larger values 
(e.g._ ref. 11: 30 zJ_ If the internal column walls are assumed to be of similar smooth- 
ness, it seems reasonable to presume that the extent of the area adjacent to walls 
depends not only on the packing methods employed or on the character of particles. 
but also on the ratio of wall thickness to column diameter_ This ratio determines the 
character of the column-wall vibrations occurring during tamping. Such vibrations 
can occur not oniy during vibrational loading but also in tapfill methods consisting 
of tapping a column on a hard surface. Differences in the kind of wall vibrations or in 
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the particle-wall or particle-particle friction coefficients may alter the structure of the 

packing in the area adjacent to the walls. 
In studying the relationship between the efficiency of chromatographic col- 

umns and their diameter? one cannot overlook the effect of particle autosegregation 
which has been described by a number of workers”. The character of interparticle 
spaces is indirectly dealt with in all equations describing column efficiency in the form 
of terms for particle size and so-called structural parameters (e.g. coefficients i.,,i,.i., 
and ~3_~4,~s in Giddings’ equations)13_ However, no information is available on 
even the approsimate relationship between structural parameters and packing meth- 
ods_ The packing methods are described ambiguously and. frequently. selected ar- 
bitrarily- This is best illustrated by the fact that Kirkland14 recommends the use of the 
so-called modified “tap-fill” method which consists in tapping the column end ~JP-:S 
hard surface and simultaneously tappin g its sides SO-100 times. without esplaining 
what is meant by “light tapping” or defining from what height the column is to be 
dropped. According to Kennedy and KnoxI the column should be dropped from a 
height of 1 cm_ They su ggest, without giving a reason_ that the packing should be 
delivered at a rate of X3 cm/min_ regardless of particle diameter_ Hal&z and Naefe16 
recommend vibrating the column with a frequency of 60 Hz without giving a more 
precise description of the influence of the frequency and amplitude of vibrations (or 
mean acceleration). 

The studies mentioned above lead to no general conclusions and show espe- 
cially that simple extrapolations are. in these cases. unacceptable_ For this reason 
comparative studies of the efficiency of preparative columns should be preceded by 
studies of the relationship between the structure of the packing and the type of 
packing method. 

The purpose of this study was to establish exactly the relationship between the 
efficiency of chromatographic columns and the kind of packing method employed. 
The following operations used in column packing were treated as basic: the so-called 
‘-dry” methods [( 1) tamping along the coiumn asis, (2) vibration along the column 
asis. (3) mechanicai compression of the particle bed along the column asis] and the 
so-called “wet”, ie. filtration, methods [(1) pumping particle suspension into the 
column, (2) mechanical pressing of particle suspension]. 

All the esperiments were carried out under the assumption that the effect of 
bed structure on the efficiency of the preparative chromatographic systems should, 
whenever possible, be investigated under conditions of “non-overloadiug-‘. Then. the 
concentration distributions obtained in the zones of the substances approach 
Gaussian distribution and are relativeiy unambiguous and easy to interpret quantita- 
tively- This also facilitates preliminary qualitative evaluation by observing peak de- 
formations- 

The present paper. which is the first of a series, presents the results of studies 
dealing with the packing of columns by tamping. i-e_ by compacting the packing 
during a free drop and then tapping the column on a hard base. 

Loading columns by tamping has been extensively investigated in gas chroma- 
tography (GC) 1i-2o_ However, owing to the specific requirements of GC resulting 
from the high values of diffusion coefficients and low viscosity of the gas phase, the 
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results of these investigations are of little value for the needs of liquid chromatogra- 
phy_ 

It is noteworthy that reports from the literature describing the tampinS method 
do not only mention tapping of columns on a hard base, but also tapping column 
wall~‘~-‘~ or rapping and vibrating columns I6 Hence there are difficulties in compar- _ 
ing the described tamping methods. The height from which columns are to be dropped 
is mentioned in only a few publications. According to Kennedy and KnoxI it should 
be of 1 cm_ and according to Laird” 2-5 mm. Some workers recommend careful 
vertical positioning of the columns. 

A separate problem is feedin g of the packing particles during tamping. One 
must azree with the suggestions of Sie and Van den Hoed” that the packing material 
should be distribute&uniformly over the entire internal column surface. One-point 
feeding, such as tvere used by Giddings and Fuller”_ causes formation of a particle 
cone and may contribute to particle autosegregation, as described by these authors. 
HaEsz” recommends continuous feeding of the packing material. There is still no 
agreement as to the velocity at which particles are to be delivered_ Sie” reports 10 
cmjmin. Laird” 1 crnimin and Kennedy and Knox” 3.3 cm/min. Huyten” has found 
thar the efficiency of columns in gas chromatography is markedly influenced by the 
rate at which columns are filled. Bayeri remarks that a slow rate improves column 
efficiency in GC. ivIoreo\-er. Kirklandla su,o,oests tapping the columns for another 5 
min after packin g with gel is completed- 

Studies by Hal&z and Naefei6 and KirklandiJ have not revealed any relation- 
ship between column length and efficiency during packing with particles of zp 25-90 
Irm. 

The egiciency of columns packed by means of tamping was found to increase 
with decreasing of particle diameter. although only to a certain extent. which Snyder’ 
and Stewart” defined as Xl-60 pm. Kirklandx4 as 10 pm and BeachelI’& as 30 pm. 
Laird er al.” obtained efficient columns packed with particles of cTp = IO jlm. They 
had used non-porous particles of high-density aluminium oxide. It is generally recog- 
nized”_‘j_‘6 that particles of less than 20 pm diameter should not be used to fill 
coiumns by the tamping method. According to some authorsi6-“, the range of par- 
ticle size (d&) does not affect column efI?ciency. 

In order to properly characterize side effects, silica gel with particles of irreg- 
ular shape was used in the present investigations. Compact packing of columns is 
difficult owing to the low density of silica gel and the large friction coefficients be- 
tween its irregular particles. This results in marked differences between the efficiency 
of columns packed with Zipas and those packed with Porasili5, the former being 
more advantageous_ Hence, if the packing parameters reported in the present paper 
are optimal for silica gel. they may be also expected to be optimal for other packing 
materials. Columns packed according to these parameters‘should therefore be ex- 
pected to be more efficient. 

EXPERIhlESTAL 

Appararrrs 

An analytical KB-5 10 1 (Kabid, Warsaw, Poland) liquid chromatograph, 
equiplxd with a coil system pressurized up to 10.0 MPa, a septum injector, a UV- 
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detector for wavelength 253-7 nm and stainless-steel colu~mns of 15 cm x 4 mm I.D., 
was used in the investigations. 

A preparative liquid chromatograph, made in our laboratories, equipped with 
a piston pump yielding I I/min at pressures up to 15 MPa, a septum injector and a 
UV-detector for wavelength 253.7 nm, a five-channel conductance detector with a 
racge from 0.1 S to 0.1 mS and stainless-steel columns of 16.8 and 52 mm I.D. and 
length 20-N cm. was also employed in the studies. 

Columns were equipped with two equal heads for distributing liquid (see 4--S_ 
Fig_ 1); a multi-outlet head (I 1, 12, 13. 17, IS, 19, Fi g. 1) required for some measure- 
ments was fastened to the column outlet. One of the electrodes used for detection with 
a conductometric detector was a porous disc. the other an arbitrary set of tubes of a 
multi-outlet head. 

Fig_ 1. Diagram of the measuring stand for investigations of the radial distribution of the profile of the 

velocity and degree of mass dispersion in preparatiw columns with d, = 52 mm. 1 = IMobile-phase tank: 
2 = pump; 3 = feeding chamber: 4 = nut; 5 = gasket; 6 = nut: 7 = porous sintered metai plate; 
S = steel gauze: 9 = column packing; IO = 52 mm I.D. tube; 11 = gasket; 12 = flange; 13 = con- 
nectingscrews; 14 = PTFE tubing; IS = graduatedcylinders; 17 = poroussinteredmeta! plate; IS = muiti- 
ring stream distributor: 19 = metal tubes 1.5 mm I-D_: 20 = electric leads: 21 = five-channel conduc- 
tometric detector; 22 = _r-r recorder. 

A device for packing columns by tamping is shown in Fig. 2. It consists of two 
adjustable column guides mounted on a stand above a small table serving to raise the 
columns. The table is lifted by means-of a motor-operated cam. 

A=silica gel container fastened to the columns during loading had a metal gauze 
or a disc of perforated metal plate at the bottom. The perforated metal disc had at 
least one opening for each 3 cm’ of column diameter_ The diameter of the opening 
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1 2 34 5 6 2 7 a9 IO 

-_ 

IO = sIidIng table: 1 I = hard rubber washer; 12 = spring; 13 = engine-propelled cam. 
perforated plate; 3 = nut: 1. 9 = guide riqss; 5 = couplin,. m- 6 = column; 7 = nut; S = outlet head; 

10 = sliding table; 11 = hard rubber aasher: 12 = spring; 13 = en&e-propclled cam. 

Fis_ 3_ Diagram of the d evice for ejecting packing Ia>ers from columns_ 1 = Crank; 2 = feed screw; 5 = 
x&-e; 1 = nut; 5 = piston: 6 = packing bed: 7 = coupiing: S = contra-piston; 9 = elastic ckirnpirq ring: 

10 = divided cylindtic tank. 

depended on the Leiocity of gel feeding required to ensure uniform and uninterrupted 
filling of the columns. 

A device for ejecting the packing layers out of the columns is shown in Fig. 3. 
The packing was ejected by means of a piston operated by a hand-driven screw into 
the lengthwise-divided cylindrical container fastened asiaily to the column_ 

_Uateriuls 
Silica gel type H60 (E. Merck. Darmstadt, G.F.R.) was fractionated by sedi- 

mentation, lirst in methanol and then in water. The column of liquid during sedimen- 
tation was 26 cm hi&_ The suspension from above the residue was decanted four 
times. Sedimentation parameters are given in Table I. Thk distributions of particle 
size obtained are presented in Fig. 4. After sedimentation. the gel was activated for 2 
h at 12O’C. 

Coloured silica gel was obtained by soaking in 10 y; cobalt nitrate solution and 
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TABLE I 

CHARACTERISTICS OF SEDIMENTATION CONDITIONS OF SILICA GEL FRACTIONS 

Initial material: silica gel type H60 (E. Merck). 

I6 1 I-22 
r, c 95, CH,OH 
t, > 85. Hz0 

11 

22s 15-27 85 > T, > 30. Hz0 22 
33 25-46 30 > r, > 15, H,O 19 
65 47-85 T% < 15. H,O 39 

losses 9 

addition of concentrated ammonia solution. Coloured gel was calcined at 400°C. 
Colourless gel was also calcined before mixing it with coloured gel. 

Silica gel fractions with larger particles were obtained by sieving. 
The mobile phase was hexanedioxan (85~15) bexane pure (Reachim, 

U.S.S.R.), dioxan pure (POCh Ghwice, Poland)]_ 
A multi-outlet column was tested using distilled water as mobile phase. 

Test substances 
The hesane-dioxan mobile phase was tested with the following substances: 

benzene (analytical-reagent grade, 1.6 %) and m-nitroanihne (analytical-reagent 
grade; O-673. The coloured substance used for observing zone shape was Sudan I. 
When water was used as mobile phase, the testing substance was 10 “/, aqueous KN03 
solution. 

Fig. 4. Granulomrtric characteristics of silica gel fractions used to study the e&iency of preparative 
cohmns. 
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C&tnuz packing. A column equipped with a lower head was carefully fastened 
in a vertical position on two adjustable guide bars. A device for feeding silica gel over 
the entire internal column surface was fastened in the upper part of the column. After 
turning on the tamping device, the column was raised by 2 cm* and then dropped. 
The gel was then poured into the feeder. The loaded column was submitted to tamp- 
irg for 10 min’* in order to compact the last portion of injected packing material. 

Particle size nzeaswenrerztx Particle size was measured by a microscope, a 
Couher counter (Model TAIL Coulter-Electronics Ltd.) or by elutriation (Bakho 
elutriator). The Krumbeinsch diameter”’ of ca. 400 particles was measured with a mi- 
croscope coupled to a monitor. 

Escrnrination of-zones in colrm~ns. Columns were tested at least four times at 
different mobile-phase velocities. Special attention was given to study the effect of 
column heads on the form of the substance zones. We intended to find out whether 
the heads ensure a uniform infiow of liquid phase into the entire cross-section of the 
packing in the column. The lack of effect of heads on the form of the substance zones 
Leas confirmed by injecting a coIoured solution through the heads into the liquid-filled 
glass tube, and also by examining the form of the zones in the cross section of the 
column packings obtained directly under the heads with the technique described 
elsewhere in the present work. 

To examine the changes in zone shape, solutions of Sudan I (10 YJ in diosan 
were successively injected onto columns_ Subsequently, the column was mounted into 
a device shown in Fig. 3. The packin g was ejected. cut along its axis, whereafter the 
Sudan I zones were photographed and drawings made. The local theoretical plate 
height was calculated from some of the photographs or drawings under the assump- 
tion that concentration distribution on lines parallel to the column axis is appro_& 
ma:ely Gaussian (Fig. 5) and the visible zone width equal to 4a. 

The theoretical plate height was calculated from chromatograms. the width of 
peaks being measured in the middle of their height. CoIumns of d, 16.8 mm were 
packed at least 3-5 times, columns of d, 52 mm at least twice. 

RESULTS X&D DISCliSSION 

Fig. 6 shows diagrams illustrating changes in theoretical plate height as a 
function of the rate at which siIica gel is poured into the columns (on the rate of 
increasz of silica layer height in columns). As foilows from Fig. 6, the curves charac- 
terizing the relationship H = f(rr,-) for silica gel particles of & = 33 .ttrn show minima 
for the ranges of ca. 03-0.5 cm/min for columns of 52 mm I.D. and length 20 cm and 
co_ 0.5-1.2 cmjmin for columns of 16.5 mm I.D. and length 20 and 4.0 cm. For 

particles of diameter 124 pm these minima are ca_ 0.8-I 2 cm/min for columns of 16.8 
mm I-D_ and length 20 cm_ 

No minimum was observed for a column of 52 mm I-D_ and length 20 cm. 
The investigations have led to the followin_o general conclusions_ 
(1) It can be assumed that during tamping packing of columns of ca_ 50 mm 

* fie investigations were support& by the Ministry of Scienc:, Hi&x EduczUm aad Technique. 
The resclts GII k published. 
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Fig. 5. Plots of efficiency and radial velocity distribution of the liquid phase. obtained in multi-outlet 
columns: dC = 52 mm. d,, =.65 .um, U, = 0.94 cm/mini Sudan I. k’ = 0.X_ 

I.D. with silica gel particles of cu. 30-125 w, the optimum common velocity of gel 
feeding is ca. 0.5-0.8 cm/min. 

(2) As particle and column diameters increase, so do the optimum ranges of 
silica gel packing velocity, so that for particle diameters of 124 pm and column 
diameters of 52 mm no minimum was observed in the plots of H = f(zl_,>, C’LI. O.ZL1.2 
cmjmin for columns of diameter 16.8 mm and length 20 cm_ 

(3) As the length of columns packed under the conditions described increases, 
the mean efficiency of columns does not undergo essential changes, but the repeat- 
ability of the H values worsens- 

Moreover, the investigations described lead to the supposition that the ex- 
istence of minima found for the H = f(u,) curves for particles of diameter 33 pm may 
result from autosegregation of particles according to their size during packing of the 
columns. Such a conclusion may be partly drawn from an analysis of substance zone 
shapes presented in Fig. 7 and from the results of investigations using bicoloured 
particIes discussed further in this paper_ if these suppositions are correct, then the 
smaller the differences in particle size of a given fraction (smaller Adp values), the 
greater will be the optimum velocity of column Clling. The results of further detailed 
investigations on this subject will be published later. 

Analysis of further data presented in Figs. 7a-d reveals the existence of three 
various shapes of substance zones resulting from various profiles of liquid-phase 
flows, ICZ_ (1) approximately flat, sometimes somewhat widened near the walls in both 
directions along the column, (2) with their central part curved in the direction of the 
mobile-phase flow and (3) with their central part curved in a direction opposite to the 
mobile-phase flow. 

Each zone shape gives a characteristic distribution of substance concentrations 
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Fig_ 6. &pn&nce of column &ciency nn the rate of feeding of silica gel: u, = 0.5 c@seC; m-tlh 

troaniline. K = 4. (a) d, = 3s pin; 6, dc = 5,mm.L=2Ocm;I,d,= 17mm,L=2Ocm;A,d,= 17 
~,~=40cm_(b)$= 12-l~;~,d,=52mm.L=2ocm;8,d,= ~~ITx~,~=~~cRL 

which effect the shape of the chromatographic peaks as shown in Fig_ 7a-d. The first 
kind gives a symmetrical concentration distribution with a Gaussian shape to the 
cun-e, possibly with small ‘-tails” at the base line. The second and third kinds show 
asymmetric peaks on the side opposite to the zone bulge. The degree of peak asym- 
metry depends on the degree of zone deformation. As can be seen from Fig. 7c and d, 
the dependences discussed were less marked in columns with d, = 52 mm. In par- 
ticular the effect of column-packing conditions on the shape-of zones for cases pre- 
sented in Fig_ 7d, ie_ for a column with d, = 52 mm and dp = 124 m, was little 
pronounced_ In addition, it was observed that zone shapes depend on the rate at 
which the silica gel is poured. Thus, when gel is fed in at a rate greater than that 
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established as optimum. there predominate zones curved in the centre towards the 
mobile-phase flow (e.g. Fig. 72, zones e and f; at a lower rate than that established as 
optimum, there predominate zones curved in the centre in a direction opposite to the 
mobile-phase flow (e.g. FI,. -0 7a, zones a and b)_ Feeding gel into the columns at a rate 
approximately the same as the optimum rate gave zones nearly flat or slightly curved 
towards the mobile-phase flow (e.g. in Fig. 7a, zones c and d). The column with rl, = 
52 mm differed from that with cf, = 16.8 mm by oscillation of the zone border lines 
(e,g. Fig. 7c) superimposed on the shape described above. Despite 104 changes in the 
zone shapes resulting from the oscillating shape of the border lines, there are no dif- 
ficulties in attributing each of these zones to one of the three kinds given above. 

The question arises of whether the zones differ significantly not only in their 
shape, but also in their local widths. As can be seen from Fig. 7, the local zone 

(a) 

0 CL6 0 0.5 0 a.6 0 0.6 0 OS 0 OS ” [gig] 

(b) 
5 b. c. d. e. f. 

Fig_ 7. (Continued on p. 218) 
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Fig. ?_ Dependence of column efiiciency on the mobile-phase flow-rate (in-nitroanilinr. X-’ = 4) and shapes 
ofzones of colo.ured substance Sudan I (X-’ = 0.3) and corresponding chromatographic peaks as a function 
off&ingrate of s&a gel. (a)d< = 16.5 mm; ~1, = 0.12 cnn’sec; zP = 33 pm. Us (cmjmin): a. 0.17; b, 0.12; 

c. 0.93; d, 0.96; e. I.9; f, 1.97. (b) d< = 16.6 mm; Us = 0.22’ cm/set; a>_= 124 jnn. Us (cm/min): a, 0.33; b. 

0.8; c, 1.0; d. 1.92; e. 3-l; f_ 3.63. (c) & = 52 mm; U, = 0.12 cmisec; ci, = 33 jm~_ Us (cmjmin): a. 2.3; b, 
3.36; c,O.6; d, 0.42; e, 0.12. (d) d: = 52mm: U, = O.l2~m/sec; JP = 124~; u, (cm~min): a, 2.16; b, 3.0; C. 

0.77; d. 0.74. 

widths do not essentially differ in columns packed under optimum or non-optimum 
conditions_ This is illustrated by the data presented in Table II. 

The general conciusion drawn from this is that if the final efficiency of prepara- 
tive columns (calculated from the chromatogram) depends markedly on the packing 
rate it is primarily due to the effect of both the width and the shape of substance zones 
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TABLE II 

COMPARISON OF THE MEAN LOCAL THEORETICAL PLATE HEIGHT WITH THAT CALCU- 
LATED FROM THE KNOX FORMULA FOR A = 1 AND ii = 1.7 

&for &for H from H from ll (cm/set) 
no1 optimal opllm. the kkos- rhe fires 
parameter parameler formula for formula for 
(Illlll) onw A = I (mm) d =1.7 (mm) 

17 33 0.27 0.24 0.19 0.27 0.22 
17 130 1.62 1.15 1.88 3.4 O-22 
52 33 0.2 0.2 0.13 0.23 0.12 
52 130 1.0 1.0 1.23 1.65 0.12 

on the efficiency. Unsymmetrical peaks are obtained even when. as follows from the 
exemplary data presented in Fig. 5, the local concentration distributions are sym- 
metrical and approximately Gaussian_ As follows from the studies presented in Fig. 5. 
detection of the effluent from concentric rings provided information on the retention 
time of that part of the zone which has a toroidal shape, and on the concentration 
distribution in that part of the zone. Fig. 5 shows the peaks obtained from a zone 
situated in the vicinity of the wall and in the centre, along with the velocity profile in 
the column and the radial distribution of efficiency_ It must be noted that even the 
peak obtained for the zone situated near the wall approximates to a Gaussian curve. 
The non-uniform flow profile in the columns illustrated in the plots in Fig. 5 may be 
due to particle autosegregation or to local changes in the packing density. A number 
of experiments were carried out to find out whether it was due to particle autosegre- 
gation. Sampled particles were measured by the microscopic method and with a Coul- 
ter counter. The results were within limits of error for either of the methods for 
particles collected from near the walls or from the centre of columns. Therefore, it 
was decided to fill the columns with a mixture of two silica gel fractions with d7, = 33 
and 65 pm, each dyed with a different colour. The longitudinal section of the packing 
of a column of d, 16.8 cm is shown in Fig. 8 which shows a complicated picture of 
particle segregation. In the vicinity of the column walls there are agglomerations of 
smaller (Fig. 8b) or larger (Fig. 8b) particles, depending on the tiling rate during 
packing- Moreover, autosegregation was either radial (Fig. 8b) or radial and along 
the column (Fig. 8a); with the particle sizes recurring periodically in the zones. More 
detailed study of particle autosegregation will be published later. 

a b 

Fig. 3. Characteristics of the distribution of particle size in columns of ! 6.8 mm I.D. packed by the tamping 
method with two-coloured silica sel mixture (1 :I j Z,, = 33 m (white) and zp = 65 m (blaekj. a, uf = 0.3 
cm/min; b, u, = 1 cm/min 
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FiS- 9- EtEct of time of tamping on the density of packing; cl, = 16.8 mm. q . ZP = 12~ F: a, (IP = 33 
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As was to be expected. the density of the packing also depends on the filling 
rate (Fig_ 9) and is found to rise slightly with increasing time of column tamping 
(tamping time has been assumed to be one half of the packing time plus the time of 
additional tapping). Figs. IOa and b show the relationship between reduced theoret- 
ical plate height and reduced mobile-phase rate in the form of log Jz = f(log Y) for 
cclumns packed under optimal conditions_ Some data from the literature’5.3 are also 
shobvn for comparison_ As may be seen from Fig. 10, the course of the function log h = 
f(log r) for particles of ci, = cu. 30-125 pm can be illustrated by the same curve_ 

Contrary to expectations, somewhat more efficient columns have been ob- 
tained for much larger particles with L?,, = 240 pm. whereas the theoretical p!ate 
heights for particles with ~7~ = 22 m were decidedly greater than for larger particles. 
These results confirm the opinion of workers who belie\-e that the limiting value of ;iP 
determining the limit of packing by “dry” methods is & 2 25 ,~m. This is also 
confirmed by the plot in Fig. I 1 where decrease of the reduced theoretical plate height 
is only insignificant with increase of the silica gel particle size to more than ZP = CQ. 30 
,um. For particles with ZP = 30 ,um there is a rapid increase in theoretical plate heieJtt_ 
It must. however_ be remembered that the value of ZP = 30 pm is only approximately 
a boundary value because the effects of ‘.dry” packing will depend on other properties 
of the particles. such as their shape, surface roughness, range of diameter for a given 
fraction, etc. 

Fig. 12 shows the dependence of the theoretical plate height on the diameter of 
the column for u = 0.5 cmisec. A marked improvement in efficiency is seen for all 
three partic!e sizes (22, 33 and 124 pm) alon, 0 with increase in column diameter, 
particularly within the range of sma!l column diameters. 

CO?iCLUSIOKS 

Since the data reported in the literature characterize tamping methods used for 
packing preparative columns only fragmentarily and ambiguously, the subject was 
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(b) 

I 
1 1.5 2.0 2.5 log 2, 

Fig. 10. Plot of log /I IX log I’ for columns packd under optimum conditions (m-nitroaniline. k’ = 4. (3) 
,$ = 51 mm: <gm): 0. 240; 1. 124; 0, 33: A. 22: -_ 4SO (ref. 3): III. 45 (ref. 15) Cd, = 7 mm); (b) 
J, = 16.5 mm; a’, @II); 1. 3; A. 121; 0. 22. 

systematically studied in the present work for columns up to diameter 53 mm packed 
with silica gel particles up to 125 pm in diameter_ These investigations have led to the 
following conclusions. 

(I) The efficiency of chromatographic columns packed by the tamping method 
depends to a great extent (in contrast to opinions reported in the literature”*“) on 
the packing rate (increase in the packing layer). However, a decrease of that depen- 
dence is observed along with increase of column and particle diameters. 

(2) An increase in column diameter, particularly within the range up to zP = 
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Fig. t I. Cependcnce of the reduced theoretical plate height on the mrrln size of particles for columns 
pxkd by ths ramping method under optimum concAtions: L’ = 100: nz-nitro;lniIinr. k = 4. d,: q . 52 mm: 

2. 16-S mm. 

Fig. 1’. The rtffect of column diameter on thsorerical pInts height for optimum packing parameters (rn- 

nitroanilins, k’ = 4): II = 0.5 cm sec. C$ A. 2’ {lrn; B. 33 pm: C. 12-l pm. 

L’CI. 10 mm lk_ for analytical to micropreparative columns) leads to a decrease in the 
theoretical plate height. The increase in efiiciency observed is more significant. the 
smaller the size of particles used in the packing. 

(3) The resultant efficiency (calculated on the basis of chromatograms) in pre- 
parative columns packed with similar particles, depends more on the shape of the 
substance zones than on their local widths; consequently it depends on the non- 
homogeneity resulting from the complicated autosegregation of particles and the 
interparticle space in the layer constituting the packing. The same observations have 
been made for cases of symmetrical distribution of substance concentrations. ap- 
proximating to Gaussian distributions. in all regions of the zone. 

(4) The shape of substance zones achieved at optimum filling rates approxi- 
mates to a flat shape. characteristic of the piston profile of liquid-phase rate in the 
cohtmn section. At gel-filling rates lower than optimum, the zone shapes are curved in 
the centre in a direction opposite to the liquid-phase flow, and at higher velocities the 
zones are cuRed in a direction consistent with that of the liquid-phase flow. 

(5) The optimum packing conditions for preparative columns are as follows. 
Silica gel should be poured onto the entire section surface of a vertically positioned 
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column which is raised and then dropped from a height of 2 cm. it can be assumed 
that, for columns of ca. 50 mm packed by tamping with particles of ca. 30-125 pm. 
the optimum gel filling rates are of co_ 0.5-0.S cm/min, these optimum rates increasing 
with increase of particle and column diameters_ The mean column efficiency is not 
affected by an increase in the column length. 

(6) Particles of diameter ca. 30 pm seem particularly advantageous for most 
uses in preparative chromatography because the columns are easy to pack by the 
tamping method_ (An efficiency of 6000 plates per min has been obtained at a linear 
velocity of 0.2 cm/set and at a pressure below 10 MPa/m.) 

SYiUBOLS 

concentration of test substances (‘Tdj 
internal column diameter (mm) 
mean particle size (pm) N 
reduced height equivalent to a theoretical plate, /I = - 

4 
height equivalent to a theoretical plate (cm) 
height equivalent to a theoretical plate measured at 0.5 cm/set (cm) 
mean local height equivalent to a theoretical plate for several columns (cm) 
partition ratio 
length of column packing (cm) 
internal radius of column (mm) 
distance of a point from column axis (mm) 
time (set and min) 
linear velocity of mobile phase (cm/secj 
mean linear velocity of mobile phase (cmisec) 
linear velocity of stationary phase feeding (cmjmin) 
density of packing (g/cm3j 
reduced velocity 
standard deviation in the distribution of zone concentration (mm) 
sedimentation time (min) 
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