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SUMMARY

In paper and thin-layer chromatography peak broadening is a function of the
mean flow rate of the eluent, which in turn is a function of the distances of the starting
point and solvent front from the eluent in the tank.

Starting from the relationship between peak broadening and the positions of
starting point and solvent front, formulae are derived for the elution time for a
given separation problem as a function of both these distances. It appears that the
elution time is at a minimum for certain positions of starting point and solvent front.

A method is outlined for calculating this minimum value for the elution time
and the corresponding positions of starting point and solvent front.

INTRODUCTION

Peak broadening in GLC can be described by the VAN DEEMTER equation, as
modified by S1E AND R1JNDERs?!:

o

a2
l

H = = Brju + Cyu + Csu + Cp(u)u | (1)
where

H = height equivalent to a theoretical plate

o = standard deviation c of the solute distribution in the chromatography

column
{ = distance travelled by the solute
u = flow rate of the eluent

The four terms in this equatlon account for peak broadening by molecular
diffusion, resistance to mass transfer in the moblle and the statlonary ‘phase and
unevenness of flow, respectlvely

This formula is also applicable to paper and thin- layer chromatography, when
we 1ntroduce the following modlﬁcatlous
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(a) The flow rate of the eluent, u, is not constant, but decreases with time. We
observe the mean flow rate #% and the mean plate height H.

(b) In thin-layer chromatography peak broadening is exclusively caused by
longitudinal diffusion and by resistance to mass transfer in the mobile phase2.

(c) In paper chromatography the mass transfer term does not stem exclusively
from the Cprue term, in contrast to the situation in thin-layer chromatography. It is
most likely that there is also a contribution from the Cs(#)u term, whereas the Cgsu
term is negligible, as in thin-layer chromatography?.

Accounting for these facts, we have the following equations:
Thin-layer chromatography

A =Bi1ju+ Cyui (2)
Paper chromatography

A =3B .I_/_'L_t- ~+ Cpmit + Cp(u)u (3)
The various terms in these equations are equal to3: |
I — RF
B = z2yymDy + 2ysDgs —Re (4)
_ B2 dp? . . dp?
Cym = o0.01 T F AT D — 0.01 (I — Rp) Fo) (5)
Cr(u) = 22 L2 (6)

/'!.dpu —+ VIVIDM

where
v = tortuosity factor
D = diffusion coefficient
Rp = ratio of the distances, covered by the solute and by the eluent
k = ratio of the amounts of solute in the stationary and the mobile phase, at

equilibrium
dp = diameter of the support particles
dy = thickness of the layer of stationary fluid
K = dimensionless constant depending on the flow profile (10-3-10-5)
L = dimension characteristic for the flow profile
4 = dimensionless constant depending on the packing geometry (~ 0.03)

In paper and thin-layer chromatography flow velocity depends on the distance
of the solvent front from the surface of the eluent in the tank. Therefore the mean
flow rate % and, consequently, the mean plate height & too, depend on the distances
of startmg point and solvent front from the surface of the eluent in the tank. Optimum
values for these distances in respect of separation time for a specified separation
problem can be derived.

In doing this, it is appropriate to deal with paper and thin- layer chromatography
separately because of the different C terms. :
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SEPARATION TIME IN THIN-LAYER CHROMATOGRAPHY

Since?:

u =S (7)
where

1y = flow rate of the eluent at the solvent front

k = constant factor
Iy = distance from the surface of the eluent in the tank to the solvent front
and as the flow rate behind the front, #, is about 209, lower than «y 4, it can be derived

that?:

g _nbth 0.4k lr
where
l, = distance from the surface of the eluent in the tank to the starting point
b + o o
o8k M (9)
0.4k b
P In = 1 (xo)

In separating two or more solutes we are interested in those conditions, at which
a prescribed separation is obtained in the shortest elution time.
For the total elution time, ¢.e., the time needed for the eluent to cover the distance
from o to /5 the following equation holds:
Iy
T dly 12

¢ — e II
elution > % (rx)

The separation of two solutes is described by the following equation?®:

Rz I ( RF‘(B) )2 la
pa——— I — =
Rpa) oAt

— 12
la 4 | ( )‘
wherein A and B designate the faster and the slower moving solute, respectively, and
the peak resolution R is equal to:

la —In '
_— . . I
or T om (13)
As gp%/la = Haand ls = (i — ;) Rr(a) eqn. (12) can be written as follows:
Rz RF(B) 2 I :
———————— = Rp (I — ) I
or .
R2 _ _ : ‘ s
lp — b, = 4 —H=pH | |  (x8)
Rrw (1 — _15_291) | | |
AT Rpqay
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By substitution of eqn. (8) into eqn. (1x5) and introduction of the parameter
= (I — L)y + &), 0 < x << 1, we can derive:

Ly? (% 1)2ln (x + )/(I —_ x)
b 4% (x — a) (x0)
wherein a = pB/0.8 2 and b = 0.4 pkCps, and /52/b is equal to feyution 2/6.

(o] -
n
'l s 4 i 4 'l ' A L
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Fig. 1. Graph of eqn. (16). ¢ = 0.075.

From Fig. 1 the following conclusions can be drawn:

(a) When x << a it turns out that /,2/b is negative and it is impossible to obtain
a separation. In this region the flow rate of the eluent, when reaching the starting
point, is already so slow, that the peak maxima separate even more slowly, than the
peaks broaden as a result of diffusion.

(b) When a << x << 1 the specified separatlon problem can be solved. The
separation time involved depends on x and therefore on /r and /,. Optimum values of
lr and [y, yielding the minimum separation time, can be calculated by determining
the coordinates of the minimum in Fig. 1.

Before doing this, however, we shall turn to paper chromatography.

SEPARATION TIME IN PAPER CHROMATOGRAPHY

. In paper chromatography the mass transfer term does not stem exclusively
from the Cp4 term, in contrast to the situation in thm-—layer chromatography. There

is-a contribution from the Cz(%)% term too3.
However, from eqn. (6) it follows that if 7 is so hlgh that 4 dpit > YDy, Cru)u
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is constant (Cr). It has been shown experimentally?® that this situation occurs, when
1% = 0.0005 cm -sec—}, In this case it holds that:
7 by + £, 0.4 & Ly ; o
By substitution of eqn. (17) into eqn. (15) and introduction of the parameter x
we can derive (keeping in mind that /r should be positive):

‘I+x ) ar 2 4 (x —a)bd ‘I+xl
R {pc,.~_+]/p_cF + - In =2 (18)

Aslrisata minimum for the same value of x as the elution time! 2|k we can use eqn. (18)
for determining the optimum values of /r and /; corresponding with minimum elution

time (see Fig. 2).

Iy =

eop! !
T R
fem] |
ssfi |
L L
TE | T
°F
L L
=i 3
: r: ! [
~70p! :
| |
: ; s ) A ' d 'l A A A
() 01, 02 ©03 04 O05 06 07 08 0.9 1.0
—sre
x
Fig. 2. Graph of eqn. (18) for the separation (& = 4) of L-threonine andl L.a¢-aminobutyric acid

on: Whatman W 31 ET papcr by means of a 4:1:5 butanol-acetic acid-—water eluent at 2r.5°.
a = 0.079; b = 597 cm?; p = 2270; Cp = 0.007 cml.

PROCEDURE FOR DETERMINING OPTIMUM VALUES OF Iy AND /,

‘For determining optimum values of /s, /; and Zejution from eqns. (x6) and (18)
we must know the values of &, @, b and Cp.
These quantities can be calculated as follows:

%k can be determined in a separate expemment usmg eqn. (II).

a = pBJo.8 & N
# can be calculated by eqn. (1 5) from the values of Rp and the desired degree of sepa-
ration R. .
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B can be calculated from eqn. (4). For doing this y3r and ys must be known, while
Djpr and Dg can be calculated according to WILKE AND PIN CHANGS,

b= 0.4 pRCu
Car can be calculated from eqn. (35), if the value of d4 is known.

Cr can be taken constant and equal to 0.007 cm. (We should control afterwards
if indeed % > 0.0005 cm *sec1)3,

Values of &, ya1, vs, dp”, and Cr for some cellulose powders for thin-layer chro-
matography and some chromatography papers are given in Table I. These values were
determined for elution of amino acids by a 4:1:5 butanol-acetic acid—water mixture?2:3,
It is probable, however, that they are not very dependent on experimental conditions,
except the 2 values which are dependent on the properties of the eluent.

TABLE 1
VALUES OF &, Yar, ¥s, dp AND Cp IN PAPER AND THIN-LAYER CHROMATOGRAPHY
Material k(em? sec™1) pm Vs dp(cm)} Cp (cm)
Cellulose M & N 300 0,017 0.39 0.03 0.028 —
powder: Camag D o.018 o 39 0.03 0.032 —
Whatman CC4q41 o0.029 0.39 0.03 0.047 —_
S &S 144 0.037 0.39 0.03 0.046 —
S &S 142dg 0.039 0.39 0.03 0.034 —_—
S &S 140dg 0.069 0.39 0.03 0.052 —
Paper: W1 0.032 0.62 0.03 o.080 0.007
W 2 0.028 0.60 0.03 o.080 0.007
W 3 MM 0.040 0.44 0.03 o.080 0.007
W4 0,060 0.37 0.03 0.080 0.007
Wiz 0.069 0.46 0.03 o0.080 0.007
Wzo 0.016 0.47 0.03 o0.080 0,007
W3t ET 0.106 0.42 0.03 0.080 0.007
W 54 0.071 0.36 0.03 o.080 0,007

Optimum values of /r and /, follow from the coordinates of the minima of eqns.
(x6) and (x8). a2/b
Eqn. (16) can be differentiated easily. In the minimum —-2Z
it follows that: d

2(r—x)In (1 + 2)/(x — x) — 22 ‘
(x —x)2In(x + x)/(1 — x) — 2x (19)

From this equation @ can be calculated for any value of x. By substituting the
appropriate values of 2 and x in eqn. (16) the minimum values of Z;2/b and /s can be
calculated, and from /r and x we obtain /.

This procedure can be simplified by constr uctmg graphs of the optimum values
of //%/b and x both as a function of #. Then the minimum value of //2/4 and the corre-
spondmg value of x can be read directly from the graph for any value of @. This graph

is shown in Fig. 3.
For ‘paper chromatography the procedure is somewhat more complicated as

= 0, from which
x

a ==

e m The effective values of dp are tabulated. These are about one order of magnitude la.rger
than the values given by the manufacturer3s.?, :
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Fig. 3. Graph of the optimum values of /,2/b and » as a function of a.

dlfferentlatmn of eqn. (18) results in an implicit functlon of x contammg the three
parameters @, b and pCr. :

In this case the easiest way is to determine the coordmates of the mlmmum :
grap]ncally frorn eqn. (18). (see F1g 2). : : ‘

LEXAMPLE

: ‘We want to separate a mixture of the two amino acids L-threomne and L-g-
.am1nobutyr1c acid on M & N 300 cellulose powder and W31 ET paper by means of
a 4:1:5 ‘butanol-acetic a01d—water eluent. These substances have Rp values of 0.36 -
and 0.48, respectlvely, on the cellulose powder and of 0.39 and 0. 5I respectlvelv, on
the paper-’ v :

Cellulose‘ powder
| We must know the values of %, a and b.

From Table I it follows that 2 = o. 017 cm?-sec™!

a = pBJo.8 k g _
If we take R to be 4, p can be calculated from eqn. (15) to be 2]:30 Substltutlon into -
eqn. (4) of the p values of Table I and the values of Dy and Dy, calculated? accordmg
‘to WILKE AND PIN CHANG® nges B = 2.81-10~% cm?: sec-1 So we have: a = 2 446 .
R b-—O41)kCM ' :
From eqn. (5) and the d; valuein Table Iit follows that CM = 0. 85 sec. So b =12.2 cm?
From Fig. 3 follows ‘

e b Ip2lb 12 i # L . teution

0.446 12.2Ccm? 6.2° 75.6cm* 8.7cm 0.83 0.82cm 4500 sec

Paper o
© . k= 0.106 cm?®-sec™?
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Taking R = 4 again we calculate p = 2270and B = 2.94-10"%cm?2-sec™1, so:
@ = 0.079.

.. — B 2 coc an b =— =2~ cm2

v (Vi Viid S0, OoU U JTI [ “irae

TTlalenm dlemmm ssnlaane atea GanAd Lfamsnn bl n genals of A 1+Q) foaan TN oA\

Usl ls LI1CDC AULCDS, VWO LW 11ULLL LG Blajsil Ul ©ULL, \AOU) \JTCT LAE. \«) )«

b 5 E3 1. forution

~ "J 0 ciutivn

0.079

597 cm? 53.8cm o0.75 5.8cm 27 300 sec

According to eqn. (10), % = 0.00196 cm -sec~, so the assumption that Cp(#)u is con-
stant was correct.

CONCLUSION

r

It appears, that for obtaining the same degree of separation, elution time for
paper Chrgrngtnarnnhv is much longer than for ﬂnn-]qvm' rhrnn‘mfnp‘rqnhv .
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