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PEAK BROADENING IN PAPER CHROMATOGRAPHY AND RELATED
TECHNIQUES.

III. PEAK BROADENING IN T_I-IIN-LAYER CHROMATOGRAPHY ON
CELLULOSE POWDER"

C. L. DE LIGNY aAnD A. G. REMIJNSE
Laboratory for Analytical Chemistry, State University, Utrecht (The Netheviands)"*

SUMMARY

~ The mechanism of peak broadening in thin-layer chromatography on cellulose
powder was investigated by comparing the peak widths obtained in chromatography
with those caused only by diffusion in the cellulose powder, for a set of amino acids of

widely d1ffer1ng Rpg values and six kinds of cellulose powder.
The results are interpreted in terms of longltudmal diffusion in the moblle and

the statmnaly phase and resistance to mass transfer in the mobile phase.

INTRODUCTION

- The phenomenon of peal{ broadening has been amply sl:udied for gas—liquid
chr omatography (GLC), but is still almost unexplored for other branches of chromato-
graphy. The main features of peak broadening in GLC can be described by the VAN

DEEMTER equationl,?

GZ = A4 +€— -+ Cyu + Csue ' | (1)
where: | '
H = height equivalent to a theoretical plate
o= standard ‘deviation of the solute dlstnbutlon in the chromatography
column : :
! = distance travelled by the solute

‘2 = flow rate of the eluent A ‘ ‘
- A4, B, Cpr, Cs = constants, accounting for peal\ broadening by eddy diffusion,
molecular diffusion and resistance to mass transfer in the mobxle and the statxonary

phases, respect1vely

: However, in ‘the course of years several shortcommgs of th1s equatlon have ,
become apparent, the most serious ones being:. : = - S

. " For parts I and II of this serics, see refs. 6 and 7, respectively.
. Addresa Crocsestraat 77a, Utrecht, The Netherlands.
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(x) the 4 term is often negligeably small or even zero; -

(2) the Cpue term is about two orders of magnitude larger than its expected
value, and (contrary to expectation) almost independent of the distribution of the
solute between the mobile and the stationary phase. ‘

GIpDINGS® explained the first point as the result of the influence of transversal
molecular diffusion on peak broadening by eddy diffusion, yielding the expression:

A , :
I+ E /u : ‘ (2)
where E is a constant. In GLC, E/« > 1, so that eqn ( ) is approximately (4 /E)u.
Therefore, in GLC eddy diffusion does not give rise to a velocity-independent term,
but contributes to the term proportional to #. '
The second point is generally ascribed to ‘the effect of unevenness of flow on a
much larger scale than in the case of eddy diffusion—the scales being of the order of
the column and the particle diameters respectively. This contribution to peak broaden-
ing was given by_ VAN BERGE, HAARHOFF, AND PRETORIUS? as Fu, but more correct]y_
by SiE AND RIJNDERS® as: : : '

F ' ‘ -
G+ 1/u | (3)
where F and G are constants. In GL.C, 1/# > G, so that eqn. (3) is approximately Fu.

Turning now to paper chromatography, we note the following points:

(x) Due to the low flow rates, the terms 4/(x + E/u) ~ (A/E)u, Cyu, Csw and
F[(G + 1/u) ~ Fu are likely to be small.

(2) The homogeneity of chromatography paper results in a remarkable evenness
of flow—another reason for the expectation that the term Fu will be small. '

(3) The diffusion coefficients in the mobile and the stationary phase bemg of the
same order, peak broadening by longitudinal diffusion in the stationary phase cannot
a priort be neglected (as was done by VAN DEEM’l ER et al. for GLC) It can be shown
easily® that: S S

o%airr = {2 yMDuRp + 2 ysDs (I — Rr)} S (4)
where:

¥ == tortuosity factor

D == diffusion coefficient

Rp = ratio of the distances covered by the solute and by the eluent

t == diffusion time

These points are fully borne out by expenment : :

- Using long elution times and, consequently, low mean. ﬂow rates (~ o0.0005
cm-sec—1) DE LieNY AND Bax® showed that under these conditions peak broadening
is governed by longitudinal diffusion, both in the stationary and the mobile phase
’lhey found (for Schlelcher and Schiill 2043a paper):

yar = 0.684-0.09"
¥s == 0.064-0.01
A|E 4- Cpr + Cs + F < 14 sec

" Accuracy is given throughout this pa.per as the 9o 9%, probability interval..
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Working at flow rates between 0.0003 and 0.002 cm. sec-‘1 De LIGNY AND
ReMIJNSE? found (for Whatman N 0. I paper):

yu = 0.65-4-0.26
¥s == 0.13-0.04
A|E + Cyu+Cs + F = 4—-IO sec

At flow rates which are obtained in practice (~ 0.001 cm-sec™?) longitudinal diffusion
appeared to cause about half of the total peak broadening.

For thin-layer chromatography, points (2) and (3) mentioned for paper chro-
matography apply as well. However, due to the higher flow rates obtained in this
techmque (~ 0.003 cm-sec-1) the contribution of longitudinal diffusion to peak broaden-
ing will be small. The remaining part can therefore be estimated quite accurately and
it might be possible to estimate the relative importance of the various contributing
terms. An important difference between these terms lies in their dependence on the
distribution of the solute between the mobile and the stationary phase: the terms
Al(x + E|u) and F/(G 4 1 /u) are independent of this distribution, whereas Car and

Cs are equal to:

i dp? dp? '
Ca = 0.01 — —2 _ — 0.01 (1 — Rp)2 =2
M I+ 7)F Du ( 2 P (5)
2 k ds® 2 ds®

Cs=1> . —2Rp(x—Rp) X | 6

=3 Er AT D5 3T RO, ©
where: '

‘& = ratio of the amounts of solute in the stationary and the mobile phase, at
equ111br1um

dp = diameter of the support particles
- df = = thickness of the layer of stat1onary fluid

Therefore, the relative 1mportance of these four terms might be estimated by
determining (62chrom—02ai1¢)/f for a series of solutes having widely different Ry values

and approximately equal diffusion coefficients.
EXPERIMENTAL

Chemicals

The following chemicals were used:

(1) L-a,y-diaminobutyric acid; (2) L-ornithine; (3) L-aspartic acid; (4) L-gluta-
mic acid; (5) L-threonine; (6) L-a-a.mmobutync acid; (7) L-methionine; (8) L-valine;

(9) L-norvaline; (10) L-leucine.
All amino acids were purchased from Fluka and were chroma.tographrcally

pure”. .
Cellulose powders Macherey and Nagel 300, Camag D Whatman CC 41

Schle1cher and Schiill 144, 140 dg and 142 dg.

Procedure
Values for /, RF and o%chrom Were taken from previous work8. Values of o%qi1s

' J Chromatog., 33 (1968).242-254
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were determined by applying bands of each of the ten amino acids to a thin-layer
- plate8. The:plate was placed, coated side down, on two glass rods around which filter
paper had been wrapped, and equilibrated with the vapour of the lower layer of a
4:1:5 butanol-acetic acid—water mixture for 18.5 h at 21.5°. Then an amount of the
upper layer (the eluent used in the chromatographic ‘experiments) was poured into
the trough containing the plate and glass rods, so that the liquid ran up into the paper
and cellulose powder from both ends. When, after a few minutes, both liquid fronts
had reached each other, the liquid stayed at rest for the remainder of ca. 21 h during
which time the amino acids were allowed to diffuse in the cellulose powder, at 21.5°.
Then the plate was dried and stained, and the densitogram obtained. From the peak
- widths at half height, the peak variances were obtained, and corrected for the variances,
originating during the equ111brat1on period®. The experiments were performed in
duplicate.

RESULTS

. The mean values of ¢24i¢ and their go9, probability intervals are shown as a
function of Rp in Figs. 1-5. The mean values of Z, Rz, 0%chrom, 02aize (recalculated for
a diffusion time equal to the elution time in the chromatography experlments) and
(6%chrom—0®aitr) /2 are given in Table I.

DISCUSSION

The values of 62411 and o%cnrom are mean values of two and three determinations,
respectively, and therefore have an approximately normal dlstr1but1on so that the
usual statistical methods can be applied.

(r) G“auff

In the first place it was ascertained, by means of BARTLETT'S tests that the
variances of o2qige for a part1cular cellulose powder are homogeneous

Accordmg to eqn. (4) there is a linear relat10nsh1p between g2q4¢s and Rp, if the
diffusion coefficients of the solutes.are approximately equal. It follows from the
equation of WILI\E AND PiN CHANG? that in our case the individual diffusion coefﬁc1ents
do not deviate more than 109, from their mean value (which is about the accuracy
of the values, calculated by this equation). The relat1onsh1p between o2aqips and Rp
was calculated by the method of least squares, allocating equal statistical weights to

TABLE II

VALUES OF 3 AND 95 IN THIN-LAYER CHROMATOGRAPHY

Cellulose powder yar FYs

M & N 3o00° 0.52 4- 0.33 0.03 - 0.09
- Camag D 0.42 & 0.29 0.02 4 o.08
" Whatman CC 41 0.40 =+ 0.08 0.04 - 0.02
- S&S 144, 0.37 4= o.10 0.02 +--0.03

S &S I‘;"clg .~ 0.62 # 0.09 —0.04 + 0.03

J. Chvomatog., 33.(1968) 242—254%



248 '~ C. L. DE LIGNY, A. G. REMIJNSE
the values of 6®aisr. The corresponding straight lines are shown ir{f‘ igs. I-5.. From their
slopes and intercepts, together with the calculated values of Djs and Dg® and the
known diffusion times, yar and y s can be calculated. These values are given in Table 11,

We note the following points: -

(a) The calculated lines represent the measurements very well, passing through
48 out of the 50 909, probability intervals (this would still hold if in the case of S & S
142 dg the line was constrained through the origin).

(b) 4 out of the 5 ys values are positive. The chance of obtaining this result 1f
in reality, s is zero is only 99,10, Therefore, it is also very probable that in thin-layer
chromatography longitudinal diffusion in the stationary phase contributes to peak
broadening.

(c) The spread of the Vv values is somewhat larger than can be accounted for
on the basis of the estimated accuracies. However, if the data for S & S 142 dg are
omitted (the negative ps value being impossible and the yas value being abnormally
high because of the abnormally low s value) the remaining data are not significantly
different. Hence, it is probably justified to state that peak broadening by longitudinal
diffusion in thm-layer chromatography is governed by the weighted mean values
ym = 0.39740.06 and ¥s = 0.034-0.02. Both are appreciably smaller than the values
obtained for paper chromatography. .

We are now also able to calculate g2 for S & S 140 dg, a powder that was
taken from the market since the chromatographic data were obtained.

(2) (0%nrom—02aiss) /2
In the first place it was investigated, by means of BARTLETT’S tests, whether

the variances of 62nrom for a particular cellulose powder are homogeneous. 2 out of
the 6 tests gave significant results on the 109, probability level. This suggests strongly
that the variances are not homogeneous (the chance of obtaining the above mentloned
result if the variances are, in reahty, homogeneous is only 39%).

Reasonmg that the variance of 0%chrom probably depends mamly on the magni-
tude of a-cmom, log var (0%chrom) was plotted vs. log 6%nrom and the best straight line
through the _points was determined, assuming that the accuracies of log var (6%chrom)
and log o%chrom are unknown?l. It appeared that var (o2chrom) is proportional to
(o-zcm-.;m)3 8, From this graph var(o%ehrom) was’ 'read and combmed with var(o®ais) to
y1e1d var{ (6%chrom~02aiee) L} .

It is 1mmed1ate1y clear from Table I that the values of (62chrom~02aitr)/ strongly
decrease when Ry increases. This suggests that the major part of the residual peak
broadening is caused by the Caru term, which is, according to eqn. (5), proportlonal
to (r — Rp)2.

Therefore, the best linear relationship between (0%ehrom—0?aits) /£ and (T — RF)
was calculated by the method of least squares, allocatmg to the values of (o%chrom—
o2aitr /Z statistical weights, inversely related to their variances. (See Figs. 6-11.)

The following points are noted: »
(a) Only three out of the six intercepts are positive, which makes it probable

that there are no measurable contributions to the residual peak broadening from'
other terms than the Cpsu term.

S Chromatog .33 (1968) 242~254
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{b} The lines constrained through the origin (z.e., the C;ru terms alone) represent
the measurements fairly well, passing through 37 out of the 54 9094, probability inter-
vals.

(c) From the slopes of the lines, constrained through the origin, the values of
the effective particle diameter, dp, can be calculated as follows:

In thin-laver (and paper) chromatography the flow rate of the eluent at the
snlvent front, #y, is inversely proportional to the distance from the surface of the
eluent in the tank to the solvent front, 7, 12:

k
iy = Tlf (7)

From the known values of the distance from the surface of the eluent to the
starting point, /,, and /; (1 and 11 cm, respectively, In our experiments) and of
fetution. the value of & can be calculated by :

Iy .
d[f [f- . [02
tolution T:j — T R

0

(8)

iy ke

The flow rate behind the front, u«, is about 20°; lower!2 than u; (for Rp < 0.8).

As a consequence of the gradually decreasing flow rate, the observed mean plate
height is equal to:

! lf
] Hadl j Hal, l,

_ o ly I 1 B

H *[ - /'}** T [; '/l;' /} (-”1 ™ y I (/H/) dlf (9)
| w | au ’
!ﬂ lﬂ

This gives, with 1 = 0.8 k/2 If:

— lr -1, 0.4k lr

H -4 -pdfilie o 238 n 10

‘ 0.8 & Ir—1, (xo)

Herein is (Uy 4 1) /0.8 k== ljid and 0.4 k[({; — l)In [l = @
It was concluded above that C is given by eqn. (5). Therefore, the slopes of the

lines constrained through the origin in Figs. O0-11 are equal to Caiif(1 — Rp)2.
The values of b 71, Caiif/(x -— Rp)2, Car/{t - Rp)2and d,, are given in Table 111,

together with some manufacturer’s data.

It is striking that the effective 4, values, though in excellent agreement among
themselves, are more than an order of magnitude larger than the values given by the
manufacturers.

The most probable cause of this discrepancy is that the cellulose particles clog
together, thus forming large aggregates (¢f. ref. 13).

[- Chromatag., 33 (1068} 2432-254
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FABLE I1I

EESISTANCE TO MASS TRANSFER IN THE MOBILE PHASE IN THIN-LAYER CHROMATOGRAPHY

Fellulose k ) Cuit|/(1—Rp)? Cp|(I—Rp)? dp " dp (manufac-
powder ' (cm? - sec—1) (che s sec—1) (cm) = 0.01dp%*/Dar (cm) = tuver's data)

: : (sec) o (em):

vI. & N 300 0.0168 0.00I5 0.0040 2.6 0.028 + 0.008 < o0.0040"
Camag D 0.0184 0.0016 0.0057 3.4 0.032 4+ 0.002 0©0.001-0.0025"
Whatman CC 41  0.0286 0.0025 0.0189 C 7.3 0.047 - 0.004 0.0008
&S 144 0.0366 0.0032 0.0232 7.0 0.046 4 0.005 0.0019
3&S 142dg 0.0391 0.0034 0.0131 3.7 0.034 ‘& 0.003.
3& S 140 dg 0.0690 0.0060 0.0558 8.9 0.052 -+ 0.006

Dy = 3.07+10706 [cm?2-sec—1]0
* Personal communication.

CONCLUSIONS

(1) Longitudinal diffusionin thestationary phase contributes to peak broadenmg
in thin-layer chromatography.
(2) The tortuosity factors for longitudinal diffusion are vy = 0.'39:}:0.06 and

ys = O. 03--0.02.
(3) Peak broadenmg in thin-layer chromatography is excluswely caused by

long1tud1na1 diffusion and by resistance to mass transfer in the mobile phase.

(4) The values of the effective particle diameter dp, calculated from the values
of the mass-transfer term are much larger than the values given by the manufacturers.
The reason is probably that the cellulose partlcles clog together, thus forming large
aggregates.
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DISCUSSION

PROCHAZKA (to Dr. D1: LIGNY) ‘You have mentioned that the greater sharpness
of the spots in TLC is partly due to the greater flow.rate of the solvent. It is obvious
~ that the longer the chromatography, the greater will be the diffusion. However, in
2 my opinion the predominant factor for the sharpness of .the spots in TLC is simply

J. Chramatog 33 (1968) 242—254




252 | S : C. L. DE LIGNY, A. G, REMIJNSE

adsorption on the adsorbent preventing the substance from diffusion. Grain diameter:
will usually play an important role in the separation. It will affect the flow rate and
the number of active sites per given amount of adsorbent.

DE LiaNY: We used, in thin-layer chromatography as well as in paper chromato-
graphy, the 4:1:5 butanol-acetic acid—water system, which separates into two layers,
and equilibrated the cellulose powder or paper for 2o h with the vapour of the lower
layer. So I think we had mainly part1t1on rather than adsorption, in both techniques.

- As I showed, tortuosity factors in thin-layer chromatography are much smaller
than in paper chromatography This is an 111'1portant cause for the smaller HETP
values obtained in thin-layer chromatography.

ProcHAzEA: How would you explain that substances on the same chromato-
gram, where all of them were in contact with the solvent for the same length of time,
have different shapes? Those near the front are always more diffuse. I think that it is
simply because they are less adsorbed and have more time to diffuse, since the pro-
portion of time they are in the mobile phase is longer than the time they are on the
adsorbent. ‘

DE LigNy: I agree with your ehplanatlon

GANSHIRT: Are the terms for the various diffusions of the VAN DEEMTER equation
in the case of crystalline cellulose similar to the conditions prevailing on the TLC
sorption layers or to the diffusion conditions in the sheet paper chromatography?

De LigNY: We have no experience with papers made of crystalline cellulose,
but we have started an investigation into dispersion in paper chromatography analo-
gous to the investigation described for TLC. It would be of interest to include a
paper made of crystalline cellulose in this study.

GRUNE: Comparative studies between crystalline cellulose and paper m1ght be
misleading if considered from the point of cellulose chemistry, since crystalline cellulose
has been pre-treated with acid and the amorphous micellary portion has been removed
to a greater extent. Paper fibre has not been subjected to this pre-treatment and con-
sequently still contains the amorphous micellary portion.

- Hais: The influence of flow rate can be studied independently of other properties
of the sorbent, at least as far as the reduction of flow rate is concerned. The cross-section
of the initial part of the flow bed can be limited and the flow slowed down by cutting
or scraping off part of the material, thus making windows of appropnate size, or by
attaching a slow-running paper to the startmg edge.

Franc: The VAN DEEMTER equationis well known in GC. This equation e}\presses
the dependence of the number of theoretical plates on various factors. It shows that
there exist optimum condltlons, namely a certain grain size and carrier gas velocxty
Thus, accordmg to the conditions in the actual case, higher flow veloc1ty of the mobile
phase may improve or impair separation respectively. -

BRENNER: It has been stated that better separatlons were often observed on
prefabricated than on individually spread layers, and Mr. PETRowITZ has suggested
that this might be ascribed to the lower flow velocity on prefabricated layers. According
to Mr. FraNc, this suggestion is supported by the VAN DEEMTER equation. If in this
connection better separation means smaller spot diameters, decrease of spot diameter
takes place when migration rate of the solvent increases: If the most rapidly migrating
dye from the STAHL.test dye mixture is chromatographed in such a way that the
distance between the immersion line and the spot is constant, then the distance be-
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,ji‘j'PnAK BROADENING IN PC AND R]:LATED TECHNIQUES m Sl sy
'.j?tween the 1mmer51on level and the front durmg the whole experlment obv1ously".
' remains’ shorter than w1th the standard procedure Tlns causes’ anincrease in the,
= solvent nngratron rate. Result: After the same distance the dye spot is less diffuse than
N with the standard. _procedure : (K1ese1gel G). I-Iere Mr. TRANC we seem to’ ‘be on that
. "l'branch of the VAN DEEMTER hyperbola which 1ndlcates an 1ncrease in the plate numberf
o accompanymg an-increase in flow. velocity.. : < SR
" By the way, even if we apply the standard procedure on the test m1xture 51mp1e
' 1nspect10n g1ves us the i 1mpressmn that the separat1on process is more efﬁc1ent in. the
“‘the flow veloc1ty has been slowed down accordmgly In th1s connectlon, I should hke
" to remind of the centrlfugatlon technique in PC.’ . : PSR
‘ GRUNE :We have studled ‘the loadmg (z.e. the amount of solvent held on the'
. paper) of the ascendent paper chromatogram ‘with the mobile solvent Just above
" the line of immersion there is a very high loadmg, then follows a zone of a relat1ve1y7
" constant loadmg, and finally; a rather steep drop The separat1on thus depends on the
: 'dlstance from the line of immersion. :

. Hars: ‘Prof: BRENNER has mentioneda case where the separatlon ofa dye m1xturew
s best at the. begmnmg of chromatography ‘At the’ begmnmg the ‘concentrationis.
” hlgher and the solutes can compete for the adsorptxon sites and. dlsplace one another.
- In paper chromatography we can often observe 1n1t1ally formatxon of thin contlguous
pigment- zones, sometlmes even resultmg from'a circular, origin spot Gradually, theyl
~then become ‘more. dlffuse ‘On the other hand, there may be cases when an excessive
_rate. of flow at:the: very begmnmg does not perm1t equ111br1um to be aclneved and‘
k causes blurrmg, the solites only begln to separate’ in.the subsequent stages. v
o " BRENNER: The ob]ectron put forward by Dr.. HA_Is agamst my mterpretatmn :
._namely that mutual dlsplacement could’ account for the “start effect’”, seems to be 111,
,' grounded in view of the very ‘small- amount of substances apphed all the same,

"i‘,venﬁcatlon seems indicated.. - Y
: ~On the' other hand, T agree w1th Dr PROCHAZKA that gram d1ameter mlght play,
-“an 1mportant role. Besides, the higher degree of homogenelty of the commerc1al layers :
~might have a favourable effect. Notoriously,:it is generally valid that the more homo-
f.'-‘geneous the layer, the 111gher the number of theoretical plates If rap1d ﬂow is accom-
.‘,'pamed by bad. separatron this is not due to the rap1d flow -itself but rather to the
,'1nhomogene1ty of the ﬂow bed or coarseness of the gram whlch reduce the number of
'_ elementary plates , ‘ : : : L RN
DS HAIS It is'also concelvable that a steep grad1ent ( second front”) passes the'
or1g1n very early, thus concentratmg the substances durmg the initial stages; only then "
“they begm to dlffuse Dr GRUNE may have had th1s in: mmd when makmg her re-
‘mark o : L : : =
RTRE GEISS In case of protracted development there is always the danger that any"‘
}1mperfect10n of the procedure: becomes’ more pronounced ‘thus in: ‘the case of the’
',fclnmney effect; when the chamber leaks at the bottom; or in the case of condensat1on.-
‘the. untoward effect increases: proportlonallv with. t1me It may happen eg. that for,;:‘
o 50 min of. development the front does not: proceed beyond 10 cm, while nearer to' the
?_:-"orrgm the solvent is still: runmng and car rying the solutes, all this only because there 1s’;;
‘}’a dlfference of 05 :.'b_etween the plate and. the chamberv a.ll‘.? L T SIS i e
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the flow rates are too small. We made experiments with the butanol-acetic acid—-water
system using different flow rates and plotted plate height as a function of flow rate.

From H-wu curvesobtained for Whatman No.x paper it follows that the optimum
mean flow rate of the eluent, corresponding with the minimum H:value, is about o.001
cm.sec—!, ¢.e., an elution time of 6 h for a travelhng distance of the eluent of 2o cm.
This is about the mean flow rate obtained in practice. - :

Geiss: How did you measure the flow rate?

"DE LicNY: We used a sheet. on which we apphed the: samples at d1fferent
distances (ranging from 5 to 35 cm) from the surface of the eluent in the reservoir.
Only the average flow rate for a travelling distance of the eluent of 5 cm was measured,
yet we obtained a fairly good VAN DEEMTER curve. . :

‘BRENNER: If T understood correctly, Mr. D L1GNY uses the formula w~/d = 16 H
for the estimation of the HETP. For a given plate, a given compound and a given sol-
vent this formula yields, according to the time of measurement (or the length of d,
respectively), different values, since the solvent does not advance at a linear rate in
function of time, but in function of the square root of time. How is it thus possible to
reach a-definite result using this formula? _

"DE LigNY: In paper and thin-layer chr omatography the compound wluch is
used to measure the plate height travels at an ever decreasmg rate, because:the flow
1ate of the eluent is gradually slowmg down. Therefore, in the VAN DEEMTER equation

'H A + B/u +C‘u

u is the avemge ﬂow rate of the eluent.
BRENNER: If we pass to the columns we should like to obtain the same chromato-

graphic m1grat1on asin the layers. A few years ago, FucHs demonstrated that if the
solvent is allowed to penetrate the column in the capillary fashion without: belng
forced into it, a similar separation is obtained in the column as in the .plate. It is
difficult, however, to introduce the solvent on an adsorptmn column in a caplllary

fashion and. nevertheless efﬁc1ently
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