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SUMMARY 

Peak dispersion (i.e. the separation efficiency) in thin-layer electrophoresis 
was investigated and compared for six different cellulose layers. 

The relative importance of longitudinal diffusion and of macroscopic inhomo- 
geneities in the electric field and in the electroosmotic and sucking flow have been 
assessed. 

INTRODUCTION 

In a series 
chromatography 
demonstrated :, 

of investigations on peak broadening in paper (PC) and thin-layer 
(TLC) the following mechanisms of peak dispersion have been 

(I) Longitudinal diffusion in the mobile phaselg2. 
(2) Longitudinal diffusion in the stationary phas& 2. 
(3) Slow mass transfer between the mobile and the stationary phase (caused 

mainly by slow diffusion in the mobile phase)2-4. 
(4) ,The velocity profile of the sample components, caused by the macro- 

scopic mobile phase velocity profileb; 
In paper, and ‘thin-layer electrophoresis the situation is much simpler, as in this 

case there is only a solvent and’the inert support for it. Thus peak dispersion:can 
only be caused by : 

(I) Longitudinal diffusion in the solvent. 
(2) The velocity profile of the sample components, due to macroscopic inho- 

mogeneities in the electric field, and in the electro-osmotic and sucking flow (the 
latter. caused by evaporation of the solvent). ” 

So, peak dispersion in paper and thin-layer electrophoresis 
simple equation,: :; ‘, : 

s : ; , I ‘, 

.; , -I_ C~(u&u,,)~ i iiq” 

:_ 

01 ..’ . . ‘I >.: ,_,_ “, .I.,,, . . :I 

is governed by the 

(’ ‘(I) 
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(Ia) 

tdiff 
Q2/tcp,, = B t -i- G@,p,,&,w WI 

cph I.??, 
1 

where 
II = height equivalent to a theoretical plate, 
0 = standard deviation of the solute distribution in the medium used for 

electrophoresis, 
ti = distance travelled by the solute, 

; 
= velocity of the solute, 
= 2yD, 

Y = tortuosity factor, 
D = dimsion coefficient of the solute, 
CF(%ph,%o) = function, describing the effect of macroscopic inhomogeneities”, 
C’+eph,%m) f &‘(%ph,%m)~2s 

%ph = velocity of the electrophoretic transport of the solute, 
f&30, : -= velocity of the transport by.the electro-osmotic.and sucking flow,- 
L = dimension, characteristic for the velocity profile (either the breadth 

of the paper or thin-layer strip scanned by the densitometer, or 
the. mean distance between,maxima or minima in the velocity pro- 
file, whichever is the smaller), 

&liff = diffusion time, 
toph = electrophoresis time. 

.It~folldws from .eqns. .I,. ra and xb that the value of C&%Sph, 2~~~) can be 
determined in two ways : , 

(7) By measuring .peak dispersion as a function of zc (in contrast’ to the case 
of PC or TLC, zc can be varied.easily, .viz. by, varying the,field strength). 

(2). By measuring peak dispersion as ,a function .of .:L. (the method of choice 
in the case,of,.PC or,TLC6).. . . 

In this paper, peak dispersion. in thin-layer electrophoresis is ,investigated 
for .three,,a.tnino ‘acids .on ,six different cellulose layers. Our aims were to ‘assess the 
relative importance of the B/u and CF(~eph,z&& terms and to compare the peak 
dispersion (i,e.,, the separation efficiency): for the six different cellulose layers, Further, 
the, magnitude of the electrorosmotic and sucking flow was determined. 

EXPERIMENTAL , 
‘. 

.,\ ! ” ., 

Jf&y& i .,, : :: , 
‘. .’ i,,, : ‘, 

, ‘, ,, ,,.I,: 

I-Leucine, L-glutamic acid, r..-aspartici acid (Fluka),. D( +)-XylOSe, (Hoffmann; 
La&&e), ‘,: . . : , Is ,I ,. ,.’ :. : - 

Camag D&o, Merck,’ 1 Schleicher and Sch& 1440 prefabricated cellulose 
thin-layer plates; Macherey and Nagel 300, Macherey and Nagel 3oo/starch (50: I) 
and Whatman CC, 41. home-made cellulose thinylayer p&tes.(&+yer thickness 0.25 mm). 

.,s * 

* The exact functional form of C&,ph,~oo) is derived in the APPENDIX. 

.' 

,, $:,~fi~~,~;+f'&~ 7x (x97,2) ~3o7*3?7. 
;. ,,: :. .,: /. ,,, I, 

(’ I. ,,:;.: “’ c, 1, /.’ ;, 
(’ I ,_,/ ‘, ,’ ,:. ; : .,.,’ _I :’ 

.‘:’ .:‘I “,, ,‘,.I, ,.,‘I ,_, ,_ ,‘. 

‘,, 
‘. ., 

‘.. ‘,’ 
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Ap;havatus 
Shandon. SAE 

densitometer. 
2525 electrophoresis apparatus and a Vitatron Model 705 

309 

,. The variance of the solute distribution, originating from the application 
cl’iprocedure and the equilibration period (o$), was determined as follows: by removing 

part of the cellulose, each layer was divided into four parallel strips, separated by 
ca. r-cm wide strips of bare glass. 

Streaks of the amino acids were applied as described beforea. The plate was 
then sprayed with buffer solution (I. ml of pyridine and IO ml of acetic acid in 500 ml. 
of water, pH == 3.5) and placed in the electrophoresis apparatus. 

Each strip was connected individually with the buffer reservoirs by means 
of paper strips, an uncoated glass plate was placed upon the paper strips to decrease 
evaporation, and the apparatus was left to equilibrate for an hour, all the while 
being cooled by tap-water (temperature of the cellulose layer 15 O). The plates were 
then dried, stained and scanned (using a slit length L of 0.4 cm) and tr# was 
determined as described before01 

The variance of the solute distribution, originating from the application 
procedure, the equilibration period and diffusion (oav2), was determined as follows: 
after the equilibration period, the apparatus was left for another 5 1/2 h. The 
variance, originating from the diffusion (c+,&, and the tortuosity factor were 
calculated from the equation : 

2 2 a,v - a, = t&w: = 2YDtcm (2) 

2) w&s calculated’ according to the equation proposed by WILKE AND CHANG', as 
‘modified by BIDST~~UP AND GEANKOPLIS~. 

The variance of the solute distribution’after electrophoresis (azvs) was deter- 
mined as follows: streaks of the amino acid mixture were applied instead of streaks 
of the individual amino acids. After the equilibration period, the connections 
between the cellulose strips and the buffer reservoirs were removed, except for one 
strip,’ and electrophoresis on this Strip was carried out, ‘applying a potential dif- 
ference of 300 V for 3 h to the electrodes. 

Then ‘these connections were removed, and another strip was connected up 
and electrophoresis carried out on this by applying 600 V for I 1/2 h. Electropho- 
resis on the third and fourth strips was carried out simultaneously by applying 
goo V for I h. The plate was then removed from the apparatus. Four to eight plates 
of each kind were used. 

It follows from eqn. Ia that the C~(Z~~~~,ZC~O) term can be calculated by: 

axv 
2 " 
- a,v2 =.CP(Uoph,Ueo)L2U2t,ph (3) 

&‘holding for electrophoresis at goo V on Camag DS-o plates ,was determined 
.as a function of the streak,length L scanned by the densitometer as described below. 
L ranged from :0.4 to 2.8 cm; five plates were used. 

According ‘to ecln. zb,. the increase, of @/t,,h over its value at L 4 0.4 cm, 
$$/t&~ is equal to: 

Af12/fep,, = C’&,:.I,AML~ 
‘,.’ ; ,. 

i (4) 
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where dLa is the increase of La over 0.16 cma. CF’ and CF can be calculated with 
: this equation, I 

Datevmination of d as a fwcction of L. After staining, each streak tyas divided in Q parts 
of length a, so that (I* a = b, whore a is the applied slit length of the densitometer and b is the 
total length of the streak. The variance, as, and the position of the maximum, y, of the solute 
distribution were determined for each part. 

As 8 result of the inhomogeneities in the electric field and in the electro-osmotic and % 
sucking flow over the’distance lo, each part of the streak has its own individual value of 02 and <G 
cc. So, the result of the measurements on one streak is: 

C@, for the variance of a composite part of the streak composed of fi neighbouring strips 
(breadth equal to L = flea; $ = 1,2,3 . . . . . q) isnow introduced. It follows from the principle 
of additivity. of independent variances that the total variance of the solute distribution in the 
considered composite part of tbo streak is equal to the sum of the variance within a single strip 
and the variance between strips: 

trp2 =&- (5) 

where 

and Y is the largest entire number Sq/p. 

The osmotic and sucking flow was determined by applying spots of D( +)-xylose 

on to .the plates at regular intervals and applying a potential difference of goo, y 
for I 11 to the electrodes. The spots’were stained with aniline-phthalic acid reagent 
; and the distances travelled were, measured. 

,, , . 
,RESWL~S AND DISCWhOM ,’ 

’ Table I ,sho+s ‘that, as regards the variance of the solute distribution origi- 
hating from ‘the application ljrocedure and the equilibration period, the plates 
can be divided into a “good” group, consisting of Schleicher and Schtil) 1440, I&&k _,, ,’ ;: 

‘, 
.TA&LE I,-. ; 

VARIANCE' Ok TIh ' sOLUTE DISTRIBUTION; ORIGINATLNG FROM ‘THE APPLICATION PROCEDURE’ AND 
:THl$ FQTJILIBRATION PERIOD (U OS, Cma) AND ITS STANDARD ERROR 

Type of plate < ; ,; 

.‘. “’ 
a+ 

Leucine Glumadic acid Asfiavtic ac,id nL 

* -. 

.;“M&ck Schleicher‘ ;: : ‘,, and, ! Scht\ll,‘r44q , 0.055 0.067 & f o.oo4 0.003 0.055 0.055 4. &~0.003’~ o.,o,og ; 0.048 f f’ o.oo4 4 
,,,,M~chor;s;y,~‘and,Nngel 3oo/starch o-o37 & 0.002 0.039 & b.002’ 0.039 0.047 ,&. 0;,004 0.002 :, ,1y 5 

., 

‘, RIachercy and Nagel;300 

I’ W&$*man”CC’4z I I ‘, ‘_ :;: .lCama&J2S-~ .‘I(,( ‘, , ;,, 
0;068 I& O.OO$ 1.’ ,0.065. -& o.oo5: 
.o.r25 &o.oog .,, ?.og8jf.o..007.., 

; d.05g~~t:‘~o,oog‘ ,/I ’ 5 : 
‘0.073 :& 
,0*+9 

0.007 5 
0;077 & 0.007 0.062 & 0.007 {=t,’ o.oo4 ,, ,4 

,. 

,I/ :. , .:,.. .e.n.. I= number of determinations. _I1,,:,. ,I,,, ‘! ,.’ .,, ‘) 
, : !” 

.,,::.~~,~~~~?.~?,~?irv:,,~73, (:97.2) .:3?7,-3r7 
.,’ .. 

8; .,’ .,, I,. ,,” 
‘,‘,, “. :.‘:;‘:: ,’ ,‘s 
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and Macherey and Nagel 3oo/starch, and a “poor” group, consisting of MachereJ 
and Nagel300, Camag DS-o and Whatman CC 41. 

Table II shows that, as regards peak dispersion by diffusion (which is charac 
terised by the values of y) the same two groups can be distinguished. The improves 
ment on addition of 2 wt”h starch in the case of Macherey and Nagel 300 i! 

..!:’ remarkable. For comparison, the y-values that hold for (chromatography of) amine 
*+*-acids in a m-butanol-acetic acid-water mixture (4: I : s)~ are given in the last columr 

of Table II. They appear to be smaller than ,the y-values that hold (for electropho, 
resis) in an aqueous buffer, presumably because the cellulose grains are more swoller 
in the latter medium. 

It appeared that the values of the left-hand side of eqn. 3 did not differ signi, 
ficantly from zero, neither for the whole set of data, nor for various sub-sets thar 
may be envisaged. So, the CF(Z&ph,z&) term is too small to be detected in thi! 
way, or, in other words, the application of up to’joo V in the Shandon SAE 252: 
electrophoresis apparatus has no measurable adverse effect on peak dispersior 
and resolution. On the other hand, it has the very desirable effect of decreasing 
separation time, and hence of decreasing peak dispersion by diffusion and improving 
the resolution of mixtures. 

Pig. I shows that d(&/&ph)/dLs decreases with increasing L and finally 
becomes equal to o. Probably, the mean distance between maxima and minim; 
in the velocity profile is equal to only a few times the densitometer slit length a 
When L exceeds this mean distance, aa/t becomes independent of L. Therefore 

6000 

5600 

4 bet3 1.2 1.6 2L) 284 2J 
/ , 1 1 1 1 4 

Aspartlc acid 

Glutamic acid 

leuclne 

. ,’ ., 
Fig. I* &/t~p~, as. s function of L (&r&k length, sqqned, by thg ,de&tometer). 
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TABLE III 

CALCULATION OF Cp(tion,,, ZCoO) AND I< FOR CAMAG DS-o PLA?ES FROM PEAK DISPERSION DATA 
(HOLDING FOR ELECTROPHORESIS AT go0 V) AS A FUNCTION OF THE SCANNED STREAK LSNGTH 

Accuracy is given in terms of stcznclarcl dovi,ztion. An, d,, ,tc’, at”, CI,‘, C,,” and K we defined in the 
APPENDIX. 

,.‘, 2.’ 

.“@ y,. 

. . 

Leucilae GZtctamic acid A spavlic acid 

d(aa/top~,)/dL2 (cm-l) 
u(cmmsec-1) 
CF(U~~I~, uOO) (cm-2*scc) 
ilnd, (Cni) (ref. 5) 
$3 (cms*scc-l) 
(w’C~‘/CII)‘-~-zP)sK (cma*sec-2) 
zt’(cm *see-I) 
u“(cm*scc-1) 

(2x&3) x10-" 
-0.70x 10-a 
0.43 
o.zGx 10-a 
4.3 x 10-o 

(47 rt 7) x lo-lJ 
‘-0.39 x IO-:8 

-0.31 x IO-:’ 

(23&G) x IO-* 
0.17 x 10’~ 

S.0 

0.2G x 10-a 

3.9 x 10-a 

&j&12) X 10-l’ 

0.48 x 10-S 

-0.31 x10-3 

(49zt 14) x Ic+ 
I,27 x 1ow3 
0.30 
0.26 x 10’~ 

3.3 x 10-o 

(M&25) x 10’l4 

I.59 x 10-a 

-0.31 x10-~ 

d(ae/t,&/ALs was calculated from the data at L = 0.4 and 0.8 cm. The results 
are shown in Table III. It appears that the values of CJP(ZC~~~,ZC~~) are about an order 
of magnitude larger than the corresponding values, holding for TLCG. They are ‘further’ 
commented upon in the APPENDIX. 

In the case of leucine, the following equation holds for the’ plate height: 

=xv 2 - 00 
2 

IPI 
= 6 -I- cP&&kJ~'IuI = 

8.5 x IO-” cm2*sec’l 
= -- lul 

-I- (0.4 cmB2*sec)LZ l lul (7) 

For L = 0.4 cm, the right-hand side has a minimum value of x.5 x 10-3 cm for 
-1, corresponding to an applied voltage of x5000 .V, or a 

~lf$sE&Zr~~~~~~~rn . 

\ - 

APPENDIX 

Derivation Of the ficlzCtiO?%dfOYm Of&? @~ph,%o) 

This derivation is analogous to that given earlier for longitudinal and radial 
dispersion of matter by fluid flow through packed bed@. 

I~LINKENBERG AND SJENITZER lo have shown that when the molecules of a 
sample must ,choose, a number of times 12, between two situations P and Q,, and 
where in the former they do a step ,$ backward and ‘in the latter they do a step 
q forward relative to the mean position of the sample, a distribution is generated 
with a variance equal to : 

;‘,, 

cr2 = wq (8) 

i We suppose that the. bed is an arran.gement of equal numbers of nearly 
cylindrical volumes P and Q that are passed by the sample molecules in a’ random 

J: Clrvomatogv;, 71 (x972) 307-317, 
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way. The velocity of the sample in the volumes P and Q shows small deviations, 
(negative, and positive, respectively )from the mean velocity in the column,,i.e.,, the 
volumes P and Q are characterised* by a 

., ., ;,. ; .’ 

longitudinal velocity u’( I - C’,) + u”( I - C’IL) and U’(I + C’,) -I- ~“(1 + C”& 
respectively, a 

I 

radial velocity - u’CR - u”C”~ and u’C’~ -I- u”C”~, respectively, 

length C1 
ll’(1 - “,) + U”(I - c”,) d ,, 

u’ -I- 11” 
P 

and c u ‘( I -+ c’z> -I_ d’( 1 -I_ c”L) d 
1 

U’-kU” 
P’ 

’ respectively, 

radius Czdp, 

where the C’s are constants. The primed quantities are related to the transport by 
electrophoresis, the doubly primed quantities to the transport by the electro- 
osmotic and su+ing Roy. dp is the mean diameter of the supp,ort particl.es. 
‘I ,_ The. mean longitudinal and radial velocities,, are, then’ ‘zc’ + zc” + 14 ‘and’ o, 

re&&&&+ind the ‘mean length of a volume is ‘cld& 
Which a’ ‘molecule &&Id 

So, ‘the number of volumes 
I 
pass (in the’absence of’ a radial velocity comfionent and ‘/ 

in the absence of diffusion) when it traverses a length I, of’ the’, bed, ‘i.&, the number 
of times the’com@onents of its veiocity may change; is: ’ 

VI 
: 

n1 = 37, 
(9) 

; : ‘_ 
‘. ’ The mean time rf needed’ to reach a ‘neighbouring volume by radial flow is : 

‘I, : ,. : ., C3dp ..,‘:. 

” (IO) 

The’ time t spent in traversing the bed length I is equal to Z/W The number of 
volumes which the molecule passes in this time, i.e., the number of times its 
velocity components may change, is: 

,ii,!:::, ,i 2) ! : ,,,i : . . 
t 

l 

n2 

~u’c’R’,+ ~“C”,~ ,, ” : 

=G=cjcIF I, ,u. ,, ,” 

‘. ‘, ‘,,’ ; ,, 
.(II!),. 

i>’ i;; _ :;, $:, I, ,t ; . ,‘. ‘,, . . . 

.’ 
,.) 

.I ; , 
m,& t,,;pt, ‘; 

rme $2 needed to .reach a’ neighbouring volume, ,,by :',lateral diffusion ‘is 
. . !. a. ; ,I I/,. 

: Q$~!$$~~.” ;:;‘.,‘:“:‘, I:‘,;i”.‘.I ,.:.I’ ” !. ‘,:‘/ ,, ,, ,, ‘.‘, ,; :;., 
,( Ii ,.’ ( ,: !,‘,’ ; 

,, ,. ,.., ‘. I I . : ’ ,,.! ;. .: !‘, ,,: i;~, 
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The number of volumes which the diffusing molecule passes in the time t ‘= Z/it, 
i.e. the number of times its velocity components may change, is: 

t 
n2 =‘-- I 

1D 

zd C,d,2 u (I31 

,“I”“’ So; the total number of times the velocity components of a molecule may change, IXUUL’>. . 
1s: 

n =nl+n2-l-n3=~Z~~ ----- 
( 

I (Cg + CGu”I -I- 

dr’ lul’ 04) 

The mean residence time in a volume is l/n = I/uvz. The backward and forward 
steps fi and Q during this residence time are : 

1 C’Jg4’ -I- C”#” 
PA =,; 

U (IS) 

So, the resulting variance is: 
,‘.’ 

CT2 
C’&’ -w”~U” 

U 

dP2 

’ d,,(lC;u’ + C&“l) -F D/C4’ 
l lul (16) 

,, 

,men ~4” and ZG” are o, we get the results for electroosmosis and electrophoresis only: 

j+- (C”L)2d,2 (C’J2d,,2 : 
m = Cbdp. lul f D/C4 l”l and C,dp.,lul -i_ D/C4 bh respecti!e’y, (17) 

or, as it is usually written : ” 

b2 - 2K”dp2 ’ I I d ’ 2K’dp2 iul respectively 
’ .m.,? .~“,d,, ,u,+:yD ! .“” &dp. jul + ?D .: ,v’ ,* 

, .‘, 

08) 

@he coefficients for radial convective dispersion, C, = Aa” and. C, G ‘an’, will be 
approximately equal to AR holding for chromatography. 

Further, eqns. x6-1,8 give the dispersion due to microscopic inhomogeneities, 
on a ‘scale of the order of the particle diameter dp. This dispersion is. proportional 
to &a, Jt is decreased by radial convective (AR&* Iti/) and diffusive (70) dispersion. 

, It is conceivable that the dispersion due to macroscopic inhomogeneities, 
on a scale of the order L, will be proportional to Lsr The ‘analogon of eqn. 16 is then: 
1.. . 

( 

, 62’ . 

w=m= 

u’C’JC”L 4- U” 2.; 

U > 

” 
.‘&jxr&t: ” ..I 

j2.q = c&.2,24")ti+4~ 09) 
..( !,, ,, ,, ,., .! ,) ,: .z”i,~CW j-p I ,., . , .:_ ,, 

,:or:.: : ,:., ,: ‘: , ., , , ,,, 

/: >I. ., ‘_,,,.‘; ,” ‘, I. ” 

where IC is proportional to 3 ) , ! : ., ) 

‘.. 

,I ‘,, 

,‘. ,, 
..‘, :,, ,,, 
#‘,,I ,’ 
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From t&e ,valups of d (6/teph)dL2 = Cpl,(zc’,zc”) in Table III, values of ,“. 

~~‘~yc’;, + #)2K E y2 

can be calculated. As zc” is constant, CL’/CL“ and K can be calculated by the simple 

linear regression equation : 

; Y =,a,+,bx = d 2/K -I-. (20) 

It appears that y is given by this equation within the estimated experimental error, 
The value for K is foun$,to be 5 f I x ro+ and for CL’/CL” -0.04 =t 0.03. As CL’/CL” 
cannot be-negative (the inhomogeneities in the electric field and in the electroosmotic 
flow <must be. correlated) it, follows that CL’/CL” is equal to zero, tihich means that 
the inhomogeneities in the field strength are negligible compared to those in the 
electro-osmotic and sucking flow. 
:’ This would occur for a model of the cellulose thin layer consisting of a bundle 
of ‘parallel capillaries, the diameters of the capillaries being uniform over their whole 
length, but varying from one capillary to another. ., 

So, for a good approximation the dispersion due to macroscopic inhomogeneities 
is given by the ,following 1 equation: 

. 

.,. 

Schlelcher and Schtill Merck 
; . . . 

( ,. ‘, 

. ..t’,. ,’ t .,o’ 

, : ; : t 
L QA. AA. 

b.A. A.A. 

Machoroy and Nagel 

L 6A. A.A. 
I .% I I t . I 

>‘4: ; 8 12 18 



PEAK BROADENING IN 1% AND RELATED TISCWNIQUES. VIII. 317 

A small value of w”, the electro-osmotic and sucking flow, is thus advantageous 
in high voltage thin-layer electrophoresis. 

Pig. 2 shows that, of the “good” plates, Schleicher and Schtill 1440 pre- 
fabricated ‘plates and Macherey and Nagel3oo/starch home-made plates are superior 
to Merck pre-fabricated plates in this respect. 

,,,!i! *_,‘, “‘, 
“~~ws&ONCLVSIONS 

Schleicher and Schtill 1440 or Merck pre-fabricated cellulose thin-layer plates 
are superior to Camag DS-o pre-fabricated and Macherey and Nagel300 or Whatman 
CC 41 home-made plates, as regards peak dispersion by longitudinal diffusion. Addition 
of 2 wt o/o starch (to Macherey and Nagel 300 cellulose powder) results in plates 
that are also very good in this respect. 

In the Shandon SAE 2525 electrophoresis apparatus application of the 
maximum voltage (1000 V) is advisable, not only to decrease separation time, but 
also to improve the resolution of mixtures. If cooling problems can be overcome, 
the best resolution in electrophoresis on cellulose thin-layer plates is obtained at 
a field strength of about xoo V/cm. Macroscopic inhomogeneities in the field strength 
are negligible compared to those in the electroosmotic and sucking flow. Schleicher 
and Schtill x440 and Macherey and N’agel 3oo/starch plates are probably superior 
to Merck plates as regards peak dispersion by macroscopic inhomogeneities, and 
must be advocated therefore, for high voltage thin-layer electrophoresis. 
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