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C H A P T E R I 

INTRODUCTION 

In this ahapter it witZ he attempted to 

find the pZaae of the displacement eZeatro

phoresis among other anatytiaaZ separation 

teahniques, suah as ahromatography and more 

in partiaular with respeat to other eZea~ 

trophoretia teahniques. 

I.1 CHROMATOGRAPHY 

Tiselius (1) was the first to enuntiate clearly that 

chromatograms could be run in three ways, viz.: zon~, 

frontal or displacement analysis. 

Zone Chromatography is the familiar method introduced 

by Tswett at the beginning of this century in which a 

small amount of the salution is developed by a solvent 

and each substance appears at the further end of the 

column, separated from each other substance by pure 

solvent. (Fig. I.1-4) (2) 

In frontal analysis a salution of constant composition 

is applied to the column and the appearance of a front 

of each successive substance appearing at the other end 

is noted. (Fig. I.5) 

Displacement analysis is performed by loading the col-

umn initially with salution and following this, by a 

displacing agent (not a solvent as in the zone analysis 

case), which as it saturates the column displaces the 

other substances ahead of it; at the same time each sub

stance of the salution displaces the substance ne~t most 11 
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easily removed from the column. Eventually, if the col

umn be long enough, each substance will be separated and 

will run as a separate band with an overlap region be

tween each zone. (Fig. 1.6) 

Each of these methods has its characteristic advantage. 

In frontal analysis, providing displacement does nat occ

ur, a simple concentratien maasurement between each front 

shows the concentratien of each substance of the original 

solution. 

In the commonly used zone methad each substance is separ

ated from its neighbours; its concentratien can be estim

ated by integration of the peak and with the wide dynamic 

range of modern detectors, a very wide range of concentr

ations can be handled with the same apparatus. The dis

placement methad is chiefly of importance in that high 

concentrations can be used, and the non-linearity of the 

system which prevents the use of high concentrations in 

zone chromatography, in the displacement methad leads to 
a self-sharpening of the overlap zones between each sub

stance. 

I.2 ELECTROPHORESIS 

In Electrophoresis the same three methods may be disting

uished. The Tiselius free boundary electrophoresis is a 

frontal analytica! method, and was the first to reach 

thorough development. lts usefulness sterns from two fact

ors. Firstly the separation of the substances themselves 

provides an automatic density stabilisation of the sep

arating fronts, and secondly a highly developed optica! 

system provides an accurate methad of concentratien meas

urement. 

The zone electrophoresis was later in development. Cons

den, Gordon and Martin {3) used silicagel, Grassmann and 

Hannig (4) paper, Bernfeld (5) and Smithies (6) starch, 13 



Katchalsky c.s. {7) polyacrylamide in overcoming the 

primary problem of preventing or mitigating conveetien 

due to electroendosmosis and thermal gradients. Others, 

e.g. Porath (8) have developed conveniently packed col

umn devices for zone electrophoresis. 

Displacement electrophoresis has been strangely neglect

ed. Attempts were made during the perled 1944-1946 by 

Martin (private communication) using the present method 

which demonstratea that it should be practicable. Apart 

from this only Longsworth (9), who in a single publicat

ion using a Tiselius type apparatus, demonstratea that 

chlorate bramate and iodate could be separated, has paid 

the methad any attention. Veetermark (10) later used the 

displacement method on paper to isolate and purify prod

ucts formed in oxidative phosphorylat~n reactions. w. 
Preetz and H.L. Pfeifer (11 and 12) used an analegeus 

methad with a counterflow to get stationary fronts to 

separate ions with a small difference in mobility. 

The present werk, a development of Martin's early method, 

uses a long thin walled glass capillary tube and a therm

al method of detecting the fronts. By the use of a very 

narrow tube it is possible to use a high potential grad

ient, since the heat generated can escape without caus

ing an excessive temperature rise. In turn the use of a 

high potentlal gradient permits the separation of sub

stances which differ little in mobility, and the self

sharpening of the fronts char.acteristic of the displace

ment methods, means that, if necessary, small percentages 

of a given component can be measured at the expense of a 

long run. A.gain because of the use of a narrow bere tube 

and high potentials it is possible to werk with very 

small amounts of material, micrograms or less. Because 

the methad of detection is thermal any substance, ir

respective of its chemica! nature, is equally determin-

14 able. 



In paper or gel electrophoretic methods, the broadening 

of the zones, through diffusion and electroendosmotic 

convection principally, is proportional to the square 

root of the time of running. The separation of the zones 

is proportional to the time of running. Since most meth

ods of detection do not have a very wide range, the in~ 

creasing dilution of the band sets a limit to the length 

of run that is profitable to use. Further the methods of 

detection have a lower absolute weight of substance 

which sets a lower limit to the thickness of the paper 

that can be employed and hence to the potential grad

ient that can be used. By contrast in displacement el

ectrophoresis the concentration of each zone is a fixed 

function of the initial conditions of the experiment and 

a zone once separated is in a steady-state. No limit is 

at present known to the impravement of the resolution by 

increasing the potential gradient and reducing the bore 

of the capillary tube other than obvious experimental 

difficulties of handling high voltages. 

1.3 THE DIFFERENCE BETWEEN AN ELUTION GAS-LIQUID CHROM

ATOGRAM AND A DISPLACEMENT ELECTROPHEROGRAM 

Perhaps it should be mentioned here that the electropher

ograms we present have a totally different interpretation 

from the chromatograms, in spite of the similarity of 

appearance. 

Fig. I.7 shows a displacement electropherogram. The curves 

are of two kinds, one showing steps and the other peaks. 

The step curve is a record of the temperature of a single 

point on the tube. 

The curve with peaks is a record of the difference in 

temperature between two closely adjacent points along 

the tube. The second curve is essentially the first diff

erentlal of the first and is taken from a differentlal 

thermo-couple. 15 
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Fig. I.7 Displaaement eleatropherogram of a mixture of 

aaide; a differential and an integral aurve. 

The step, or integral curve, comes from a single junction 

on the tube and a cold junction at the surrounding temp

erature. 

The two curves contain the same basic information. But 

the height of the step is characteristic of the ion and 

is a more convenient measure than the sum of the peak 

areas. The length of the step, a measure of the quantity 

16 of the ion, is not so easy to estimate as the distance 



between two peaks of the differential curve, which has 

the same value. 

Fig. I.8 shows an elution chromatogram. The area of the 

peak is a measure of the quantity of that component. The 

distance from the start is characteristic of the compon

ents. 
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Fig. 7.8 A gas-liquid eZution ahromatogram on an apiez

on aolumn. 17 
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C H A P T E R II 

DISPLACEMENT ELECTROPHORESIS 

This ohapter desaribes the prinoiple of 

the methad of displacement eleotrophores

is as employed in this investigation. 

II.1 DESCRIPTION OF THE METHOD 

The apparatus shown in fig. II.1 consists basically of a 

long thin-walled capillary tube connected to two reser

voirs of cations and anions respectively. The tube itself 

is filled with a salution of a salt such as sodium chlor

ide, chosen so that the chloride ion is more mobile than 

any anion ion in the mixture ~o be separated. Similarly 

+ NaOH 

Al-box r----------------------------------, 
I I 

I I' 

&.-----t-d-iff~-r-;~~i~-1-----------• 
integral

thermocouple 

Fig. II. 7 

Apparatus as used in the experiments of 

displacement eleotrophoresis (sohematio). 

displacing 
acid 

19 



the anion in the reservoir is chosen so as to be less 

mobile than any in the mixture to be separated, for in

stance naphthalene 2 sulfonic acid. 

The acids to be separated are introduced as a mixture of 

their sodium salts into the end of the capillary tube 

joined to the reservoir of anions of low mobili ty. A 

high potential is then applied to the two reservoirs. 

The reservoir of sodium ions is made positive and the 

other reservoir negative. Provisions are made for no 

other ions to enter the capillary tube from the elec

trodes, (fig. II.2) and elec.troendosmotic flow and con

veetien due to the zeta-potential of the glass walls of 

+ 

Fig. II.2 Box aonstruated to prevent ions, formed at the 

eleatrodes, to enter into the aapillary tube. 

the tube are reduced to negligible proportions by in

creasing the viscosity of the solution in the tube some 

hundreds of times by the addition of some suitable long 

chain soluble polymer. 

With a potential gradient thus applied to the tube, the 

ions of the acids to be separated move towards the anode. 

The more mobile ones move faster, and eventually the an

ions are arranged in order of mobility. By hypothesis 

20 the chloride ions are more mobile than any of the others 



and so a more or less sharp boundary is formed between 

the chloride and the next most mobile ion, and between 

every succeeding pair of ions until at last the ion of 

the negative reservoir brings up the rear of the train. 

Provided that the bore of the tube be of constant area, 

that the current be held constant, and the initial con

centration of the sodium chloride in the tube were unif

orm, once all the substances have separated, no further 

change takes place. The train of separated zones of ions 

move on at constant speed, unchanged. The speed of each 

zone is the same because the concentratien automatically 

adjusts itself so that the potential gradient is invers

ely proportional to the mobility of the anions. 

The sharpness of the boundary between any pair of zones 

is a function of the potential gradient and the mobility 

difference of the ion species on either side of the 

boundary. 

The potential gradient in each zone is constant and is 

higher than that of the zone preceding it (fig. II.3) 

+ ,.__Al 

Fig. II.o The potential gPadients in the aapillary tube~ 

foP the aase of two iona, A1 and A2 , where A2 

disp laaea A 1 • 21 



22 

.and the heat output per unit length follows a sirnilar 

pattern; since the heat loss is proportional to the 

ternperature, each zone has a characteristic ternperature, 

higher than the one ahead of it. Thus by measuring the 

temperature at two closely adjacent fixed points on the 

outside of the tube it is possible to detect the pass

age of each boundary of each ion species. If this temp-

Fig. II.4 

T 

A B 

oxalate oxalate 

Cl 

I 
I 

'• I 47 mm 

time time 

Information about the n a t u r e of the ions 

and about their q u a n t i t i e s. The height 

of the integrat curve is representative of the 

nature~ e.g. 19 mm is the step height of the 

oxatate ion independent of its quantity, the 

distance between two peaks represents the quan

tity. In both cases a volume of 3.10- 5 t has 

been introduaed a)concentration: 0.025 mot/l. 

b)conoentration 0.05 mot/t. (The chloride ion 

was used as the fastest one, the benzenesul

phonate ion being the displaoer) 



erature difference be plotted against time, the area of 

the peak will be a measure of the mobility difference 

and the distance between the peaks a measure of the 

length of tube occupied by each ion species, and hence, 

since the concentratien can be deduced from the concen

tratien of the preceeding ion (discussed below), the 

amount of that species of ion. We can see from fig. II.4 

that we get a greater distance between the peaks, when 

we bring more of an ion constituent into the tube. As 

discussed in chapter I the height of the step of the 

integral curve is used to characterise the ion species. 

From fig. II.4 we can see that under the conditions used, 

the height of step for oxalate is 19 mm. For benzenesul

phonate , used in this experiment as displacer, a height 

of step of 144 mm is found. 

II.2 DEFENITION OF THE MOBILITY 

As we use the term in this dissertation the dimensions 

of mobility are cm 2/volt sec, and it represents the mean 

velocity of an ion relative to the solution in a unit 

electric field. Movement of an ion due to its being carr

ied by a movement of the solution must be allowed for 

before any attempt is made to calculate the mobility of 

the substance. from experimental data. 

The charge on an ion is always an integral multiple of 

the charge on the electron, but a given substance may be 

only partially ionised, i.e. it may be ionised only part 

of the time. The ion constituent mobility is then the 

product of the ion mobility and the proportion of the 

substance ionised. 

The mobility of the ion is a function of the number of 

its charges, the viscosity of the salution and its size. 

The size of the ion includes not only the atoms of its 

formula but also the water molecules more or less firmly 

bound to it. Thus lithium ions are less mobile than so- 23 
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dium ions because of their greater hydration. The degree 

of hydratien is a function of the activity of the water 

in the solution, and of the temperature. 

The viscosity of the solution is a complicated function 

of its composition and temperature, and is not necessar

ily the same for particles of different size. Thus we 

include in our solutions a long chain polymer which in

creases the bulk viscosity many times though it constit

utes only a small percentage of the whole solution. But 

the viscosity for a small ion is almost unchanged, and 

presumably only when the distance between the ebains is 

comparable to the diameter of the ion will a significant 

effect on the mobility be noticeable. 

The proportion of a substance ionised is a function of 

the pK of the ionised groups of the molecule and the pH 

of the solution. The pK is a function of the dielectric 

constant when ionisation involves a separation of charg

es and also of temperature. To a lesser extent pK is a 

function of other properties of the solution. 

The disturbing factors that must be allowed for in calc

ulating mobilities from experimental data include not 

only movement of the solution due to pressure and dens

ity differences and to electroendosmotic phenomena, but 

also adsorption on the colleid or container walls. The 

last two factors will be important usually only with 

very ~ilute solutions and very narrow tubes, as also 

will be the concentratien differences in the electrical 

double layer surrounding the tube walls. 

The mobility may be considered as a typical constant for 

a given ion or ion constituent in a given solution at a 

given temperature. It is independent of poten·tial grad

ient or analysis time. 



C H A P T E R III 

THE CONCENTRAT/ON OF THE SUCCESSIVE ZONES 

This ahapter desaribes the drop in aonaen

tration of suaaessive zones as the mobil

ity of the ions aonaerned deareases; gives 

an estimation~ for the case of smalt mob

ility differenae, of the change of conaen

tration with distanae on passing through 

an interface between two zones and gives 

a calculation of the length of tube neces

sary for separation. 

III.1 RELATION BETWEEN MOBILITY AND CONCENTRATION CHANGES 

Let us first consider the case of a boundary between two 

salts of the same cation in a tube carrying a constant 

current. Let us neglect the influence of diffusion or 

any bulk movement of the fluid within the tube. Let the 

more mobile anion be at the positive end of the tube and 

let the concentratien of the solution be a constant a

long the tube. Then if the current be I and the cross 

sectien of the tube be w, and the veloeities of the an

ions AÏ, A; and cation B+ are v 1 , v2 and VB with con

centrations c1 , c2 and eB respectively, then 

I w = K(C1V1 + C1VB
1

) = K{C2V2 + C2VB
2

) 3.1 

since the solutions must have equal concentrations of 

anions and cations; where concentrations are measured in 

moles/litre and veloeities in cm/sec,w in square cm and 
1 

I in amperes, K = 96 • 3 25 



The simplest case is of course that in which one sign of 

ion is immobilised in the high polymer and its mobility 

is zero. All ions of the opposite sign then have the 

same concentration, and carry all the current. 

When, however, the cations and anions both have a finite 

mobility, as the anions change from a species with a high 

mobility to one with a lower mobility, the cations will 

move faster and carry a higher proportion of the current, 

and the concentratien will be reduced until the potent

ia! gradient is sufficient to move the anions with the 

same speed in both regions. 

If m1 , m2 and mB and the mobilities in cm2/sec volt of 
- - + the ions A1 , A2 and B respectively we can write: 

I 
w 

mB 
K(C 2V2 + C2 Vz) 

mz 
3.2 

But V1=V2 when a front moves along the tube, for as the 

concentratien drops the potential gradient increases. 

So 

3.3 = 

1i'Jhen the charge of ion A 1 and A2 is not the same we must 

not use 3.3 but: 

cl ml (mz+mB) Lz 

Cz = (ml +~) 
3.4 

mz 

Ll is the charge of ion Al 

Lz is the charge of ion 

If the concentratien of the salution of chloride filling 

the tube differs froin one experiment to the next, by ad

justing the current until the heat production (item temp-

26 erature) is the same, the following equations will hold: 



rlz RI Iz2 Rz 3.5 

Rl Rz 
1 

3.6 = Cï Cz 

Iz2 
Cz cl 3.7 

rl2 

Where R1 is the resistance of the electrolyt salution in 

experiment 1 and c 1 is its concentration. R2 is the res

istancein experiment 2 and c2 is its concentration. 

When we know the concentratien of the new chloride sol

ution, we can calculate the concentratien of the acid 

ions following up the chloride, 

3.8 

Where c 1 is the new chloride concentratien and c 2 is the 

concentratien of the ion following up the chloride. 

When we wish to calculate the amount of an acid in the 

original solution, the next p~ocedure can be followed. 

When we know the velocity of the front, it is easy to 

calculate the concentratien of a component in the orig

inal mixture. From the length between two peaks and the 

velocity of the front we can determine the length of 

tube filled with the component. From the known diameter 

of the tube we can calculate the concentratien by means 

of equation 3.4. From the known volume of the sample 

tap we can calculate the concentratien of the ion spec

ies in the original mixture with: 

txVxwxC 2 Co 3.9 

z 

where t= time in sec. (from length between the peaks) 

V= velocity of front in cm/sec 

w= area of tube cm2 27 



Z= volume of sample tap in cm3 

Co= concentration of ioh species in sample tap 

C2= concentration of ion species in tube 

When working with partially ionised components we cannot 

use the same solutions as those described above. We wish 

to work then at a constant pH. Therefore we add a buffer 

to the system. The mobility we find for a partially ion

ised component will be the net mobility. This problem 

will be considered in section (IV) where buffers are dealt 

with. 

III.2 DIPFUSION EQUATION 

Suppose there is a sharp potential gradient between two 

successive zones of ions. We can rewrite equation 3.1: 

! 3.10a w 

I K = 3.10b 

Let us assume that the diffusion constant of all the ions 

we are concerned with is identical. Then we find: 

d2cl dC1 
D - (Gl-G2) ml dx = 0 3.11 

dx 2 

where G1 
K 
ml 

V etc. 

If we wish to have an exact evaluation we must consider 

that each ion has its own diffusion constant. In fact, 

also the potential gradient is not sharp, but even so 

the relative veloeities of the two ions at any cross 

section will have the same values. We are interested in 

the shape of the diffuse fronts and therefore we will 

later on make a new estimation of the change of velocity 

28 as an ion passes the front. The solution of equation 



3.11 is in genera!: 

(G1-G2)m1 x 
D + const2 3.12 

What can we expect the influence of the positive ion on 

the diffusion to be? It is clear that the more easily 

this ion diffuses through the medium, the greater will 

be the changes in concentratien and the greater the 

diffusion potential. 

III.3 SHARPNESS OF THE FRONTS 

A detailed calculation of the change of concentratien of 

a given ion species through a front is exceedingly diff

icult, as there is a continuous variatien of potential 

gradient, temperature and concentratien of ether ions. 

A good approximation in a special case should be obtain

able from the following considerations. Let us assume 

first that the difference in mobility of the anions be

ing separated is smal!. We can then neglect any effects 

except the change of potential gradient. Since the chief 

reasen for wishing to do the calculation is to estimate 

the width of the front in conditions when it is most 

diffuse, this is in fact the only case we need consider. 

Secondly, let us assume that a single diffusion coeffec

ient will represent the case. In fact, of course, each 

of the three ions should be considered separately, two 

anions and a cation; but the diffusion of each ion wil! 

result in diffusion potantials of the order of a few 

millivolts which will be superimposed on a potential 

~radient provided by the external souree of around 100 

volts/cm. Their effect will therefore be smal! and the 

various diffusion constants can be combined into a cernp

osite constant. 29 



The potentlal gradient will vary continuously through the 

front but the relative speeds of the two species of anion 

at any cross-section apart from diffusion will be const

ant. The equation 3.11 should therefore be a good approx

imation. 

D 0 3.11 

Where D is the composite diffusion constant and G1 and 

G2 are the potential gradients in the A1 and A2 zones. 

The solution has been given in 3.12, where x is measured 

as a distance from the front where the concentratien of 

the ion A1 and A2 are equal. We can see that 

const 1 = c 1 , since at x=O, the concentratien is ~ c1 and 

therefore const 2 = 0. So we can assume: 

const 1 const 2 0 (at x=O) 3.13 

Further: 

3.14 

So: 

cfl.l 3.15 

We Can Substitute for D th th 1 't f e erma energy per un~ o 
ml 

charge in V. 

Because the ions in an electrolytic salution are moved 

by an external electric field we can describe this by: 

F = L.G 

F = force 

L 

30 G 

charge 

potentlal gradient 

3.16 



The velocity is: 

V= b •. L • G 3.17 

(b is the velocity per driving Force) 

If we assume that we can use the Bolzmann partition, we 

may expect that we can use the relation of Einstein: 

D = k • T • b 

where k 

T 

Bolzmann constant 

absolute temperature 

Combine 3.18 with 3.17 we find: 

or 

D 

D 
m 

V 
k.T. L.G 

When making a rough estimate of this 

-23 0 k = 1.38 10 joules/ K molecule 

T 293 °K 
L 1.6 10-19 Coulomb. 

D "' 2.5 -2 m 40 v-1 
"' 10 V or o = m 

value: 

We can rewrite equation 3.15 and now find: 

CAl 
ml 

-100 (1-) 40 x 

Cl = c m2 

3.18 

3.19 

3.20 

3.21 

3.22 

We supposed that m1 and m2 were nearly equal. Let us now 

suppose ml 0.99 
m2 

We can rewrite equation 3.22 in: 

-100 (1-0.99) 40 x -40 x 
C =C 3.23 

31 



If we consider a front as consisting of the region where 

the concentratien changes from 99% to 1% a ratio change 

of: 

So 

0.01 will be obtained. 

0.01 -4 6 - e . 

~·x= 0.12 cm. 

-40x e 3.24 

The fronts as finally recorded lack sharpness for two 

reasons. 

1) Temperature changes are measured. The longitudinal 

conduction of heat both in the liquid and in the glass, 

spreads the temperature change along the tube, (and in

deed the finite internal diameter of the tube causes 

heat from different places to arrive at different times, 

though in this particular case this effect is negligible) 

and time is required to heat up the part irnrnediately be

hind the front to obtain the dynamic equilibrium of the 

ternperature step. We will discuss this in section V, 

where we will also give an explanation for the asyrnrnetry 

of the peaks as finally recorded. 

2) Diffusion of the various ions will also cause the 

front to be unsharp. 

Again it is not necessary to obtain any great accuracy 

in the estimate of the sharpness of the front, since the 

sharpness of the least sharp fronts is of interest, be

cause this is what limits the usefulness of the method. 

In this case the mobility difference on each side of 

the front, as a result of temperature or concentratien 

changes may be neglected, since they are too small to 

have significant effects on specific conductivities and 

32 diffusion constants. 



III.4 SELFCORRECTION OF THE FRONT 

In displacement electrophoresisthere is an effect char

acteristic of all displacement methods. Once a steady

state has been reached the front will not broaden 

further. 

When an ion diffuses into a region where the potential 

gradient is smaller than corresponds with its velocity, 

the velocity of that ion will decrease automatically. On 

the other hand, when it diffuses in a region where the 

potential.gradient is higher than corresponds withits 

velocity, the velocity of that ion will increase auto

matically, until it is in its proper region. 

III.S LENGTH OF TUBE REQUIRED FOR SEPARATION OF ANY PART

ICULAR SAMPLE 

The length of tube required for a given weight of any 

particular sample is inversely proportinal tothestrength 

of the salt solution originally filling the tube • The 

original concentratien of the.sample is unimportant. The 

length of tube occupied by the ion pair that is most diff

icult to separate at its final concentratien and the mob

ility ratio of the ions, determine the total length re

quired. Thus, if a given pair of ion species will finally 

occupy C cm and the mobility ratio is B the distance the 

front between them will have to cover is: 

Al 
1 

~m 

m = = (1-a> .... 1 3.25 

The presence of other more easily separable pairs of ion 

species will not influence the separation of the most 

difficult pairs. 

The degree of separation required depends upon the accur

acy of the quantitative result required. For a first ap

proximation only the position of the peak is needed. If 33 



the peaks are large enough tó make it possible to estirtl

ate their position accurately, a one standard deviation 

separation of peaks should be ample, when we use the 

corrections developed by Keulemans and Huber for sub

stances separated by chromatography. (ref. 1) 

Diffusion in the course of the run will add slightly to 

the distance required, but a large margin of safety wil! 

not be required. 

III.6 EFFECT OF. CONCENTRATION FRONTS 

To a first order a change in concentratien along the 

length of the tube will remain unchanged by the passage 

of current. To a secend order various effects wil! cause 

chan9es. Firstly, diffusion will gradually reduce the 

sharpness of the front. Secondly, in so far as the local 

rate of electroendosmosis differs from the overall rate, 

the sharpness of the front will be reduced, and of course 

the position of the fron.t wil! be changed, by an actual 

flow. Thirdly, the higher the concentratión the lower the 

temperature~ the relative mobility of the anions and cat

ions may change with temperature, leading to a movement 

of the concentratien front analogous to the main front 

movements. If the proportion of current carried by the 

anions decreases with temperature, the front of low 

concentratien will tend to persist. A rise in temperature 

as a result of, say, interterenee with loss of heat,occ

asions a similar low concentratien front. In genera!, how

ever, these concentratien fronts should move very slowly 

and provided anything likely to cause them is well away 

from the measuring thermocouples, should cause no trouble. 

Fourthly a concentratien change itself will cause a change 

in relative mobility of anions and cations, causing a sirn

ilar front to the temperature front. 

The relative mobility differences are unlikely to exceed 

34 a few per cent, for a 10°C rise, except in the case of 



the hydragen ion, whose mobility does n~t nearLy ~ncrease 

as rapidly as that of other ions. Since, however, the mob

ility of most ions increases about 2% per degree eenti

grade the peak areas should be corrected for this, and 

the correction will be of significant magnitude for large 

peaks. The correction will be a function to the temperat

ure rise. 

If conditions can be standarised , it may be possible to 

comparecuntemperature-corrected data, since each ion will 

then have its characteristic temperature, but it will be 

clear that in data related to those given by experiments 

run under different conditions, temperature corrections 

must be made. 

REFERENCE 

(1) J.F.K. Huber and A.I.M. Keulemans, Zeitschrift für 

Analytische Chemie 205, bands, 263 (1964). 

List of symbols. 

b = velocity per driving Force cm/dyne sec 

B = mobility ratio 

c concentratien molil 

D = diffusion constant cm2/sec 

F = force dyne 

G = potential gradient V/cm 

I current A 

k bolzmann const. joules1°K molecule 

K = constant 

L = charge coulomb 

m = mobility cm2 /V ·sec 

w = area of tube cm2 

R = resistance ohm 

t = time sec 

T absolute temperature OK 

V velocity of ion cm/sec 

z = volume of tap cm 3 35 
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C H A P T E R IV 

THE.~H...IN THE. NARROW-HOLE. TUBE. 

This chapter considers pH changes and the 

use of a buffer counter ion. A formuZa foP 

the caZcuZation of the pH in the chloride, 

displacer and weak acid zones is given. 

An appro~imate formula ie given for the 

pH in etrong acid zones when the relat

ive concentration of H+ and OH- may be 

neglected as compaPed to the strong acid. 

IV.1 INTRODUCTION 

The description of the methad so far has considered con
ditions where the concentratien of H+ and OH- can be 

neglected in comparison with the concentratien of other 

ions. This is however only legitimate when all the ions 

are streng, i.e. when there is no substantial concentrat
ion of unionised material. 

Consider a weak acid zone sandwiched between two rtrong 

acid zone with sodium as the common cation. 

+ H+ BH+ + H+ BH+ + H+ BH+ Na Na Na 

Cl OH - Ac OH D OH 

B B AcH B DH 

' . 

Fig. IV. 1 The use of the symboZe,appearing in the equat-

i ons beZow,can be reed from thie figure. 



The ion of the weak acid moves towards the front with the 

chloride zone and there loses its charge since the con

centration of the unionised acid is too low for equili

brium. In losing its charge it picks up a hydragen ion 

from water and thereby releases an hydroxyl ion which 

moves rapidly through the chloride zone. Similarly at 

the front with the displacer the unionised acid is left 

stationary as the front advances and the unionised acid 

must ionise giving up a hydragen ion. This moves to the 

cathode. 

Thus the chloride zone on the anode side of the weak acid 

zone is made alkaline and the displacer zone is made acid. 

A mixture of weak and streng acids, and particularly mul

tibasic acids can behave in a very complicated way since 

each zone has an influence on the pH of every other zone. 

Under these conditions useful analyses cannot be carried 

out. By using instead of sodium, an ion with buffering 

capacity the situation can be radically simplified. Any 

change of pH is much reduced and is reflected in a diff

erent proportion of the buffer ionised. The ratio of con

centration of H+ or OH- to the buffer ion is so low that 

the pH changes do not penetrate beyend the fronts. 

IV.2 EFFECT OF ADDING A BUFFER ION 

Let us calculate a system after first having added a buf

fer and use the positive buffer ion instead of the so

dium ion. 

Let us assume in the steady-state we have three zones 

respectively of the ions Cl-, A- and D-. The quickest 

ion is the chloride ion, the A- is the ion from the samp

le and D- is the displacer ion. 

In the chloride zone we have Cl , OH , BH+ and H+ ions. 

Of course we must have enough B to give the mixture a 

buffering capacity. 37 
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In the acid zone we have A , OH , BH+ and H+ ions. Here 

we also have B and undissociated acid AH. 
- - + . + . . In the displacer zone we have D , OH . BH and H ions. 

Here we also have B and undissociated DH. We can see our 

working conditions systematically in fig. IV.1. 

With our assumptions 4.1 qp to 4.11 we can workout the 
pH in the Cl- -zone ,the pH of the displacer· zone when. the 

displacer is a weak or a strong acid and the pH of the 
+ -acid zone if we neglect the H and OH ions. 

Assumptions. 

First we will give the Balance of charge: 

[Cl-J + [ OH-ll- [BH+ll- + [ H+ J 

[A-] + [OH-JA_ I BH+ JA- + [H+]A-

[D-J + [OH-J D _ = [BH+]o- + [H+ Jo-

We can determine four equilibria: 

[oH-] x [H+J = [ H20 J 

[B] x [H+J 

[BH+] 

[A-] x r+JA

[AHJ 

[ D -] x [ H + J D

[oH J 

K -
A 

K -
D 

Kw 

Cl 4 .1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 



Of course we have some conservation equations: 

4.8 

V [AH] =(G -m-A A -V) [A-] 4.9 

V [DH] =(G -m-D D -V) [D-J 4.1 0 

V [B]c1- + (V+GC 1 -mBH +) [BH+] _ 
. Cl 

4.11 

= V [BJA- + (V+GAmBH+) [BH+]A- = 

= v [BJD- + (V+GDmBH+) TBH+JD-

IV.3 THE pH IN THE CHLORIDE ZONE 

The pH in this zone is determined by the starting ratio 

of Cl to B. Though H+ + OH- ions will flow into ends of 

the zone any step in their concentratien with progress 

at a rate which is slow compared to the movement of Cl-. 

Thus at the front with zone A- the effect will be to 

alter the ratio of BH+ to B and this change will be left 

behind by Cl except when the concentratien of OH- is 

high compared to BH+. 

The same argument applies to the pH of the A- zone. The 

H+ is supplied and known from Cl- zone BH+ and B. The 

resulting pH is determined by KB and KA and ions and 

base from the Cl- zone but unaffected by OH- from the D 
. . + 

zone unless OH is large compared to BH • The condition 

for the above will be determined below. 

Since a steady-state is established with constant speed 

of movement of front, at any given point behind thè front 

there must be a constant ion constituent flow of a given 

substance. For chloride it is constant up to the front, 

and zero behind it. Similarly for other anions apart 39 
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from OH-, it is first zero, then ~constant, then again 

zero, with changes only at a front. For the cations how-. 

ever, the total flow, i.e. the sum of the ionised and 

unionised form, is a constant. Moreover the production 
+ of OH at the front and of H at the rear always corres-

+ pond. These will change the ratio of BH to B and the 
effective mobility of OH- and H+ will be so low that the 

net ratio of BH+ to B will not be changed by the passage 

of a partially dissociated zone. Each zone will therefore 

determine its own pH, but not that of following .or prec
eding zones. There will be such long range effects only 
when the amount of H+ or OH- exceeds the amount of the 

buffer. 

If, therefore, we consider a well-buffered system, we 
need only work out the case for a weak acid between a 

chloride and a strong acid displacer. 

Let us first work out the general formulae for the pH in 
the chloride zone and in the displacer zone, if the dis
placer is a strong acid. 

IV.4 GENERAL FORMULA FOR THE pH OF THE CHLORIDE ZONE 

If the concentratien of the buffer base is not too low 

and the salution not too acid, the pH of the zone will 
be approximately given by: 

.. 4.12 

If a more accurate value is required it should be rememb-

ered that only [c1-] and ( [BH+] + [ B]) are known from 

the starting solution. 

[H+] [B J = KB [BH+] 4.5 



[a+] [a] + K8 [a]= K8 ([sa+] +[aJ) 4.13 

[a] ([a+] + K8 ) = K8 (~H+] + [a]) 4.14 

K8 [BH+] ([H+] + K8 ) = K8 ([sa+] + [aJ) 4.15 
[H+] 

([cl-] + [on-] - [H+J) ([a+] + K8) = [a+] ([aH+] + [aJ) 4.16 

[H+] [cC] + [a+] [oH-] - [ H+] 2 + K
8 

[ Cll ~ 
+ K8 [oH-] - K8 [H+] ,= [H+] (~H+] + [aJ) 

- [H+] 2 + [a+] ([cl-] 

+ K8 [c1-] =([aH+]+ [aJ)[H+J 

4 .• 17 

[a+]' - [..+] 2 {[cc] - KB -('[Ba+] + [BJ)}- 4.19 

-[H+] ([a2 o]Kw + K8 [c1-J)- K8Kw [H2o] = 0 

This is a cubic equation, which wil! have only one real 

and positive root. 

IV.5 GENERAL FORMULA FOR THE pH OF THE DISPLACER ZONE, 

IF THE DISPLACER IS A STRONG ACID 

We.will rewrite our assurnptions 4.4 and 4.5: 

[ H+] [on-] 

[H+] [a] 

= Kw [a 2o] 

= Ka [sa+] 

4.4 

4.5 
41 



Werking out our conservation equation, we find: 

mOH
V-m -

D 

Rewri ting 4 • 20 

+ (v 

(v +V=~= )[H+]D-

+ 

= 

4.20 

4.21 

4.22 

4.23 

4.24 



4.25 

+ (1 + 1 IneH:) [BH+] _ 
mCl Cl 

Rewriting 4.23 

(1 + ::~+ ) [BH+] 0_ + (1 + ::~) [•+]D- + ( 1 - 4.26 

(1 - =~~= ) Kw = ( 1 + 

+ ;H:) IBH+J _ + 
Cl L Cl (1 + =~:-) [•+]cl-

From 4.20 and 4.23 the [sH+J 0- can be eliminated and 

[H+J0- found.[o-J canthen be found from 4.21 and 4.22. 

IV .6 CALCULATION FOR THE pH OF THE WEAK ACID ZONE 

Rewriting of equations 4.9 and 4.6 

G = V ( [:JA- + 1) ~A-KA-([•+k + KA-) 4. 27 A m -A 

Rewriting of equations 4.11 and 4.27 

v [s )c
1

- + ( v + v =~:~) [sn•]c
1

_ = V 4.28 

+ 1)) [···] 
43 



+ (v +V~+( ~:f + 1)) r·+]A
[s]cl- + (' + ~~~) [s•+]cl- = [••+JA

{ + ::~+ ( ~j_A- + 1)) [••+JA-
We can use the current conservation equation: 

mcl- Gel- [cC] + Gel- moH- [o"-]cl- + 

+ Gel- ~H+ [Bn+]cl- + Gel- mH+ ["+]cl- = Iw 

4.29 

4.30 

4.31 

4.32 

4.33 

4.34 



Combining 4.29 and 4.34 

~ [• ]cl- +( 1 + mCl-) [••+]Cl-
( mA- + mBH + KB , 

IT- + 1 +::~:A_ (~+k + KA) 
4.35 

Iw mA-KA- ( ) rl +] ( \[H20JKw 
= v( [•+] A-+KA-y mA- + "'H+ L" A- mA- + mOH-/ [•+]A-

Approximate calculation. If [H+ J and [OH-] can be neglect

ed in camparisen with [BH+] then: 

4.36 

4.37 

But: [cl-] = [BH+Jc
1

_ and [A-] = [BH+ JA_ 4.38 

~H+]A- = 

~H+]cc 
= 4.39 

If [BJ is in large excess: 

= (: 

.... +) ([:~f + 1) [H+] A-
+--

mcl-
4~40 

[H+]cl- + 
~H+ 
m -A 45 



4.41 

4.42 

When [H+J =KA- [H+] =- K- + K- (5)!..! = 4.43 
Cl- I A- ....!!..._ ....!!..._ 

2 2 

4.44 

4.45 

4.46 

4.47 

(pH)_ = (pH) _ + 0.57 

46 
A Cl 
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For any multi-ionised molecule the proportion with a dis

tinet charge will be small. Hence its behaviour will be 

similar to a streng acid, and the pH shift will be equi

valent to only a small change of mobility. 

LIST OF SYMBOLS 

G -x 
K -

A 
m -x 
V 

potential gradient in the x zone (V/cm) 

equilibrium constant of the weak acid HA 

mobility of ion x- (cm2/V sec) 

velocity of front (cm/sec) 

concentratien of component y in sectien of x-

(mol/1) 

47 
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C H A P T E R V 

TEMPERATURE-PROFILES 

Thia chapteP givea a catcutation of a 

tempePatuPe pPofiZe atong the Zength of 

the tube and a compaPiaon of a meaauPed 

pPofiZe with a theoPeticaZ one. 

V.1 GENERAL EQUATION OF THE TEMPERATURE-PROFILE 

From equation 3.3 

we may conclude that the concentrat-

ion of the ion with a smaller mobility, will decrease. 

In this case we assume m2 < m1 •. 

Because the potential gradient of a zone increasesas we 

get nearer to the cathode, the heat production will in

crease because we are maintaining the same current. The 

capillary tube will be warmed up in steps. In formula 

we can say: 

(G in V/cm 
I in Amp ) 

5.1 

Carslaw and Jaeger give a formula for the electric heät 
production in a hot moving rod.(ref. 1) 

On page 156 they give the formula 

À = pC - V 
e1Hp e0Hp 
--+--
wpC wpC + 5.2 



for -oo<x<O 

V 

is the term for the diffusion, 

is the term for the conduction of heat, 

is the term for the heat loss through the 
surface, 

is the term for the heat production. 

For the other side of the front we can give the equation: 

aa 2 <lzaz 
À = pC V + 

a0Hp 
--+ wpC 5.3 

ax 2 

+ j 
rz 
pCw 2 o2 

a1 and a2 are the temperatures at both sides of the front. 

V is the velocity of the front (fig. V.1). 

o:1 and c:r 2 are the specific electria conductances at both 

sides of the front. 

Q 
I 
I ...._..... 

vfront 1 

---l-'·' ~~~ ~~~ ::: 

x x neg. pos. 

mm 

mm 

mm 

Fig. V. 7 Typieal column data as used in the ealaulation. 49 
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The explanation of the other symbols are given at the 

end of this section. 

Considering that the tube, although it consists of glass 

and solution, is homogenons along its length, and assumm

ing the front to be stationary, an equation (5.4) can be 

given for the steady-state. 

ae 1 ae 2 
at = ä"t = 0 5.4 

ae 1 ae 2 
If x=O we know that el=ez and ax- = äX 5.5 

If the temperature of the medium outside the tube is a0 
we find: 

CPV 
-À-

el HP 
--+ 
(I) À 

61Hp 
+ 

= 0 
ÀIJl201 

~ = 0 
Àw 2 oz 

These equations have solutions of the form: 

n 1x n 2x g__ Ct and c2 are constants e1 = c1e +C 2e + nln2 

82 C3enlx+Cqenzx+ h c 3 and c4 are constante = nln2 

2n1 = 
CPV 

+ { (î'v)' + 4 ~r -À-
WÀ 

2n 2 = CPV -t (~'v)' + • .!!E} ~ -À- WÀ 

g = ~ 
Àw 2 o1 

h = ~ 
ÀW 2 oz 

5.6 

5.7 

5.8 

5.9 

5.10 

5.11 

5.12 

5.13 



We can find out what values we 

substitute: 

for e1 and a 2 if we 

n 1 is positive and n 2 is negative 

x is positive and has a high value: 

el = g___ 11 cl 0 
nlna ' 

x is negative and has a high value: 

ez 
h " C4 0 = I = 
nlna 

when x = 0 el ea 
11 
I 

Cz + g___ 
Cs + 

nlna nlna 

da1 de 2 
When we u se at x = 0 = dx 

" Cznz Csnl I 

n1h-n 1g 
Cz (nl-nz) = = 

nln2 nz. 

n 2h-n 2g 
c3 (nl-nz) = = nlnz nl 

if x=o : 

h-g g___ 
n 1h-n1g+n 1g-n2g 

eo + = (n 2) (nl-nz) nlnz nlnz(nl-n2) 

n 1h-n 2g h 
6o = + 

nlnz(nl-nz) nlna 

n 2h-n2g+n 1h-n2h 

nlnz(nl-nz) 

n 1h-n 2g 
eo nln2 (nl-nz) 

5.14 

5.15 

5.16 

5.17 

5.18 

5.19 

5.20 

5.21 

5.22 
51 
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The equation now has the ferm: 

(h-g) 
+ 

h-g + 

Looking at 5.12 and 5.13 we can say: 

h = g + ög 

We can rewrite 5.22 

ao = 
n 1g-n2g+ön 1g 

nlnz(nl-nz) = 

Rewriting equation 5.23 and 5.24 

61 = g__ { 1+o(~) e nzx} 
nln2 nl-nz 

6z = g__ {1+o+O(~) e n1x} 
nlnz nl-nz 

5.23 

5.24 

5.25 

5.26 

5.27 

5.28 

If we wish to werk out equations 5.27 and 5.28 we can 

combine them with 5.23. Equation 5.27 now has the ferm: 

n 2x = <a1- g__ 
nln2 nlnz 

e h-g 5.29 
nlnz nl 

e nzx = (61- g__ 
nl-n2 nlnz 

) 6g 5.30 
nln2 nl 

By analogy we find for the ether side of the front, when 

werking out 5.28 : 

e nlx = 
nl-n2 nln2 

(6z-
nlnz 

) 
nl 6g 5.31 

e nlx 
nl-nz nln2 

= (az- ) 6g nln2 nz 
5.32 



V.2 CALCULATION OF THE TEMPERATURE-PROFILE, IF h = 1.01 g 

In equations 5.30 and 5.32 we can see what kind of prof

ile we may expect in the tube. 

From the equations 5.12 and 5.13 we know that both h and 

g are functions of the conductivities of the species of 

ions. 

When there is a great difference between h and g, in 

other words when the mobilities differ a great deal, we 

shall find a great temperature step at both ends of the 

front. We may expect not to have much trouble with the 

detection. 

It is more important to know what the shapes will be if 

there is a small difference in mobility. First let us 

assume that h = 1.01 g. 

= - !!E 
WÀ 

~= 
Hpwo 

h = 1. 01 g 

-4 -1 
3.4x10 11"10 

-2 
~X1f x10 x0.002 

1 
4.2 

100x100x10-6 

-4 -1 3.4 10 X'll' 10 

- 6.8 

22.30°C = 

= 1.01 x 22.30 = 22.52°C 

V= 2.10- 2 cm/sec (velocity of the front) 

!!El~ WÀ 

o.2x22.5x2 10-2 

2x0.002 + 

5.33 

5.34 

5.35 

5.36 

5.37 

5.38 

53 
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{ 5 +6.8} 
1.2 

nl = -2.25 + = - 2.23 + 3.45 = 1 . 2 5.39 

n2 -5.7 5.40 

n 1h-n2g 5.7+1.212 .<.L_ So = = nln2(nl-n2) 6.9 nln2 
5.41 

1.0018 

So is the front-temperature. 

Roughly, the temperature-rize at the front is 20% of the 

total step. We may expect an asymmetrical peak in the 

differentlal temperature registration; a quick increase 

to the point of inflection and a slow decrease to the 

base-line,because 80% of the heat produced will be re

leased after the passage of the front and the slope at 

the positive end of the front is steeper than the slope 

at the negative end. 

If the outside cooling of the capillary tube is known 

and such that it is possible to find a constant temper

ature for the different zones, we also find a constant 

value for n1 and n2. 

Suppose we have a sharp potentlal gradient in the tube. 

Then the temperatureprofile consists of two parts on 

each side of the gradient. 

We will give an example of calculating a temperature

profile when using the equations 5.30 and 5.32. 

T beginning = .<.L_ = 22.3°C 5.34 
nln2 

T end 
nln2 = 22.52°C 5.36 

e-5.7 x pos 
<ex pos - 22.3) 6.9 1 5.30 = 1:2 x 0.223 
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Fig. V.2 The concentration- and the temperature-profiZe. 

e1.2x neg= <ex - 22.52) 6.9 x 1 5.32 neg -5.7 0.223 

e = 22.3 + 0.0387 e -5.7x pos 
5.42 x pos 

ex neg = 22.52 - 0.184 e -1.2 x neg 
5.43 55 



5.44 

From equation 5.42 we find a front-temperature: 

0 e0 = 22.30 + 0.04 = 22.34 C(x=O) 5.45 

From equation 5.43 we find a front-temperature: 

0 e0 = 22.52- 0.18 = 22.34 C(x=O) 5.46 

These values (5.45 and 5.46) agree with the value of 

5. 41 • 

x pos 

0 

0,05 

0.1 

0.2 

0.4 

6o •22.30+0.04 =22.34 

9o.05=22.30+0.029 =22.329 

9o.1 =22.30+0.022 •22.322 

6o.2 =22.30+0.01 =22.310 

x neg 

0 

0.1 

0,2 

0,3 

90.4 =22.30+0.0025=22.3025 °· 4 

0.5 

6o =22.52-0.18 =22.34 

60.1=22.52-0.164=22.356 

90.2=22.52-0.145=22.375 

60.3=22.52-0.129=22.391 

90.4=22.52-0.114=22.406 

6o.5=22.52-0.101=22.419 

0 •6 90.6=22.52-0.09 =22.430 

1.o 61.0=22.52-0.055=22.465 

2 • 0 92.0=22.52-0.02 =22.518 

TabZe 5.1 CaZauZation of a temperature-profile when 

h = 7. 07 g. 

The profile as calculated in table 5.1 is given in fig

ure V.2. At the same time this graph shows the concentr

atien profile as calculated in sectien III.3. 

V.3 CALCULATION OF THE TEMPERATURE-PROFILE, IF h = 1.02 g 

To compare the theoretica! temperatureprofile with the 

experimental curves we take the step chloride-sulphate. 

56 In practice the temperature of the chloride zone is 



23°C and the temperature of the sulfate zone is 23.4°C. 

The difference is 0.4°C. This means that h=1.02 g. Be

cause the circumstances are nearly identical as in the 

case h=1.01 g; we will use the same equations and the 

same conditions. 

theoretica! 
T-profile .......... o------.............. a.._ 

...... *.... " .......... ' ........ ', 
practical 
T-profile 

........ ' .... \ . \ 
'·,., 0 

\ \ 
\ \ 

\ \ 
\ \ . \ 

' ' 

23.4 

23.3 

\ \ 
., 0 23.2 

\ \ 
Direction in which 
the front moves. ' \ \ ' • 

' \ 
~ ' 
\ \23. l 
\ 0 

. \ , \ . \ \ 'o 
cm ',, 

23 ' ' ...... 
-2 -I • 5 -l. -0.5 0 0.5 

Fig. V.3 Praatiaal and theoretiaal temperature-profiZes. 57 



The theoretica! profiles for the case h=1.02 gare given 

with the equations: 

e 23 4 5.7 0 4 1.2 x neg x neg = • - 6.9 x • e 23.4 -

- 0.330 e 1.2 x neg 

e = 23.0 + 1.2 x 0.4 e -5.7 x pos 
x pos 6.9 23.0 + 

+ O.O? e -5.7 x pos 

The values are given in table 5.2 

x pos 

0 

0.05 

0.1 

0.2 

0.4 

90=23+0.07 =23.07 

9x=23+0.052=23.052 

9x=23+0.039=23.039 

9x=23+0.018=23.018 

9x=23+0.004=23.004 

x neg 

0 

0.1 

0.2 

0.3 

0.4 

6 0=23.4-0.33 =23.07 

6x~23.4-0.294=23.106 
6x=23.4-0.260=23.140 

9x=23.4-0.232=23.168 

6x=23.4-0.204=23.196 

0 · 5 8x=23.4-0.182=23.218 

0.6 9x=23.4-0.161=23.239 

1.0 9x=23.4-0.098=23.302 

2 • 0 8x=23.4-0.036=23.364 

TabZe 5.2 CaZauZation of a temperature-profiZe ~hen 

h = 1.02 g. 

The experimental temperature-profile we determined from 

the experimentally found profilesulphate-chloride. Photo

graphically we enlarged thè profile. (fig. V.4) From 

the distance of the sample tap to the thermocouple the 

length of the front in the tube is to be calculated as 

58 3.3 times the length on the recorder paper. 



T 

sulphate-step 

l 
time 

Fig. V.4 The vaZues of the praatiaaZ temperature-profiZe 3 

as pZotted in fig. V.3 3 are obtained from the 

right hand side of this figure; the suZphate 

step from the Zeft hand part has been photograph

iaaZZy enlarged. 

The total length thus is 1 = 3.3 x 0.8 = 26.4 rnm. 
The temperature of the chloride step is 23°c. 

The temperature of the sulphate step is 23 .4°C. 

The temperature of the front 1/3 x ~Ttotal + Tchloride = 

0.13 + 23 = 23.13°c. 

The length of the positive si de of the front is 1.6rnm. 
The length of the negative side of the front is 19.8 rnm. 
The theoretica! profile and the practical profile are 

plotted in fig. V. 3. 59 
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V.4 CONCLUSIONS WITH RESPECT TO THE TEMPERATURE-PROFILES 

1) The theoretical sufficiently agree with the experim-

entally found les. 

2) The differential temperature registration shows indeed 

a step rise towards the fronttemperature, and a slow 

decrease to the base-line. This does not mean that we 

have used too much sample or even that the separation 

was not complete or that the ion species was adsorbed 

to the colleid used. 

3) From the theoretica! temperatureprofiles we may expect 

to find a length for the temperaturefront of 2.4 cm. 

For the detection of about 80% of the heat produced 

weneed a lengthof about 1.2 cm. In III.3 we con

cluded that we could expect a concentrationfront of 

about 0.12 cm. From this we may well conclude that the 

concentrationprofile is sharp. 

4) We wish to state explicitly that the equation we used 

only holds good for the case of a small temperature 

step. When we have a great temperaturedifference we 

must change our conditions and rewrite our equations. 

We did not do that for the ease h = 1.02 g. 

5) We assumed that the concentrationprofile should be 

symmetrical on bath ends of the front 50% - 50%. Of 

course this assumption is not correct, but the con

centratienprofile is so much steeper than the temp

eratureprofile (and actually we do not use the con-· 

centratienprofile but the temperatureprofile} that 

we may neglect the diffusity of the concentration

profile. Therefore the calculation of the concentrat

ionprofile in sectien III is sufficiently correct. 



MOVEMENT OF THE CONCENTRATION-FRONT WITH RESPECT TO THE 

TEMPERATURE-FRONT. 

If we wish to find out what the distance is over with 

the concentrationfront has moved with respect to the 

temperaturefront the following equations can be given: 

The thermal capacity of the capillary tube: 

0.2 x 7T 10-2 cal .s_ x cm2 2.25 x 4 x = 
goC cm3 

5.49 

= 3.54 10-3 cal/°C cm 

The heat produced: 

100x100x10-6 
2.48 10-3 cal/sec cm 4.2 5.50 

The time required to reach the equilibrium (AT=0.5°C) 

0.5x3.54 10-3 

2.4810-3 "' 0.7 sec. 

The time required to reach the equilibrium (AT=8°C) 

8x3.54 10-3 

2.48 10-3 11 • 2 sec. 

5.51 

5.52 

Distance over which the concentrationfront has moved 

-2 0.7x2.10 =0.014 cm 5.53 

Item for AT=8°C: 11.2x2.10-2 =0.22 cm 5.54 

We can use the above when we wish to do some. preparative 

work in order to get small quantities of a pure component. 

If the desired component is registered by the thermo

couple, the capillary tube can be broken into sections 

and the section with the desired component can be washed 

out with some suitable liquid. 61 
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LIST OF SYMBOLS 

1) [A-] concentratien of the ion A-
2) [AH] concentratien of the molecule AH 

gramion/1 

mol/1 

mol/1 

cal/g°C 

cm2/sec 

3) C = concentratien 

4) c = specific heat 

5) D = diff.usion constant 

6) ó 

7) F 

8) G 

9) g 

1 0) H 

11) I 

12) j 

= constant given by h=óg 

= force 

= potential gradient 

1.!.:__ 
Äw2cr 1 

thermal conductivity 

= current 

= joules constant 

N 

V/cm 

cal/sec cm2 °c 

A 

(0.239) 

13) KA- = dissociation constant of component A 

14) lA-
15) À 

16) m 

17) 0 

18) w 

19) p 

20) R 

21) p 

22) cr 

23) t 

24) T 

25) a 
26) V 

27) x 
62 28) z 

charge of the ion A- statcoulomb 

= electrical conductivity 

mobility 

= diameter of tube 

area of tube 
perimeteraf tube 

= resistance 

specific gravity 

= specific conductivity 

= time 

= temperature 

temperature 

= velocity of zone ar ion 

length 

volume of sample tap 

1/fl cm 
cm2/V sec 

cm 

cm2 

cm 

Q 

g/cm3 

~ cm (~:~lvc:e~) 
sec 
0 c ar °K 
oe 
cm/sec 

cm 

cm3 



C H A P T E R VI 

THERMOCOUPLES OF LOW HEAT-CAPACITY 

This chapter desaribes how to make therma

couplee of low heat-aapacity and how to 

use them. 

VI.1 THE CONSTRUCTION OF THERMOCOUPLES OF LOW HEAT-CAP

ACITY 

The dete~tion of the passage of the fronts within the 

tube is made by thermocouples wound round the outside 

of the tube. A small amount of medicinal paraffin is 

present between the couple and the tube to assist good 

thermal contact. 

Cu Const. -------
Fig. VI.1 The electria way (resietance heating or spot 

welding) of making an "integral" thermoaouple. 63 



Various ways of making these thermocouples have been 

tried. Copper and cónstantan wires,25 pm in diameter, 

were twisted together and fused under methanol by an 

electric currént (fig. VI.1) passed through 1mm of the 

twisted part. This leaves a bead of about 30 pm dia

meter where they are joined and with care they can be 

untwisted and pulled straight if desired. Two junctions 

2mm apart in a copper-constantan-copper wire (fig. VI.2) 

SP ARK 

1 1 . . copper . 

co p per- (""""'\ /'"'.... /'"'.... """'"" /'""'\ Ä n s t a n t a n r<J C7 ~ Çl 

copper 

l 
copper const. copper 

lmm 

copper constantan 

Fig. VI.2 Repeating the method of fig. VI. 7 gives a "dif

fePential" thePmoaouple. 

can then be wound helically on to the tube and retained 

in place by fixing the wire with sealing wax or shellac 

to a frame of thin phosphor-bronze wire. (fig. VI.3) 

These junctions were too fragile for convenient use, so 

another method was tried. The 25 pm diameter constantan 

64 wire was covered with 2mm shellac at its centre. Copper 



Fig. VI.ö Adjusting a differentiaZ thermoaoupZe on the 

aapiZZary tube using a frame of phosphorbronze. 

was then electrodeposited on the remainder to a total 

diameter of 50 vm. (fig. VI.4) 

Fig. VI. 4 Ths therlJPaoupZe made by eleatroplating a 

aopper Jayer on a aonstantan wirf(. 

This design should be satisfactor;r, ·since the conductiv

ity of the copper is so much higher than the constantan 
.:;;:. I 

that the effect of the constal}td:mï·w~.~hin the copper, is 
negligible. The electrodeposition or ·cleaning technique 

was, however, unsatisfactory and these thermocouples 

were noisy, presl.nnably because.of.poor contact between 
the copper in the constantan: 65 



It was found in each case that the degree of thermal cont

act of the couples with the tube was never identical. 

This resulted in an electrical qutput from the couples, 

even when there was no thermal gradient along the tube. 

The sign of the output was a matter of chance. The des

ign was then changed as fellows. 

Copper and constantan wires were twisted together and 

the tightly twisted part cut so that about 1mm remained 

twisted, This twisted end was silver soldered by insert

ing into a bead of molten silversolder, protected with a 

small amount of flux, in the roughly 1mm bore of a heavy 

pyrex capillary tube. (fig. VI.S) 

Two such junctions were made in the length of a copper

constantan-copper assembly with the junctions about 2 

mm apart. This was wound around the tube as previously 

described and the twisted ends were bent until they 

copper 

constantan 

pa'd : flux 

• = silver-solder 

mm • glass 

Fig. VI.5 The thePmocoupte made by sotdePing the twist-

66 ed ends with siZveP-soZdeP. 



were approximately at right angles to the glass. An 

alternative design would be to weld the twisted ends 

electrically. 

VI.2 BALANCING THE THERMOCOUPLES OF LOW HEAT-CAPACITY 

Normally there is a difference in temperature between the 

two junctions of the thermocouple, because we have a diff

erent contact of each thermocouple with the glass wall. 

In making a differential temperature registration, the 

difference between the two junctions will not maintain 

the same value, but will be greater or smaller after pass

age of a component. (fig. VI.6) Therefore we must balance 

the thermocouple before use. If we use the soldered ends 

it is very easy to do this. 

0' t:r !I> 0 :;:1 0 

Tl 

..... lil (') )< ..... ::r 
0 :;:1 (1) P> .... ..... 
P> N .... ..... 1-! 0 
1-! 0 P> P> P> 1-! 
t:r lil ..... .... .... ... . 
0 .... (1) (1) (1) Cl. 

= (1) (1) 

P> ,.,. 
(!) 

time 

Fig. VI.6 A displacement electropherogram obtained with 

the unbalanced differential thermocouple. 

(note the shift in baseline !) 67 



The tail ends of the thermocouples then get appreciably 

colder than the tube and by rotating the whole about the 

tube, a position can be found where, by entering or leav

ing the warm stream of convected air from the tube, the 

couples can be balanced, so that no output is given in 

the absence of a temperature gradient along the tube. 

(fig. VI.7) 

The base line should then remain unaltered after the 

passage of the peaks. The easiest way to adjust the coup

les is to switch the current on and off when in a bal

anced position there will be no permanent change in the 

conveetien 

conveetien 

68 Fig. VI.7 Balanaing a differential thermoaouple. 



• 0 
base line. The initia! temperature step from 18 C to 

23°C is high enough to checkwhetherthe thermocouple is 

balanced or not. A further advantage of balancing the 

thermocouples is that minor fluctuations in the current 

do not cause a disturbance in the base line. 

When making an integral temperature registration we are 

not troubled with fluctuations in the current, because 

we normally have much higher temperature differences to 

detect than in the case of the differential temperature 

registration. Therefore we also work much more insensit

ively (SOx) than in the differential registration. 

We must realize that it will be difficult to have two 

junctions with the same amount of silversolder. There

fore the heatcapacity of the two junctions will differ. 

The time required to reach the equilibriumtemperature 

is therefore not the same. 

When we switch on the current there may possibly be a 

A 

B - V 

time 

A Integral temperature-registration 

B Differential temperature-registration 

Fig. VI.B A dip as shown in this figure do oaaur from 

time to time, partiaularly in the aase where 

the temperature differenae between suaaessive 

zones is large. This dip aan be aaaounted for 

by the differenae in response time of the t~o 

thermoaouple junations,having somewhat diff

erent heat aapacities. 69 



70 

shift of the base line. (fig. VI.8) This does not mean 

that the thermocouple is balanced worse, for after a 

few minutes we shall have our original base line. 

When the heatcapacity of the two junctions differs too 

much or even when we have fixed the thermocouples wrong

ly around the capillary tube, we may get an electropher

ogram that is difficult to interpret. 



C H A P T E R VII 

THE ELECTRO-ENDOSMOS/S AND THE POLYMERS 

TO PREVENT THIS PHENOMENON 

This chapter gives the defenitions for 

the eleatro-kinetic phenomena, gives a 

formula for the eleatro-endosmotia flow. 

and desaribes the polymers, investigated 

as the aoZZoidaZ aolumn-paaking. 

VII.1 INTRODUCTION 

If there is present in a system both a solid phase and a 

liquid phase there will be formed an electria double 

layer.The electria double layer consists of excess ions 

(or electrons) present on the solid phase and an equiv

alent amount of ionic charge of opposite sign distribut

ed in the salution phase near the interface. The charge 

on the solid wall is treated as a surface charge smear

ed out uniformly over the surface. 

The space charge in the salution is considered to be 

built up by unequal distribution of point-like ions. The 

solvent is treated as a continuous medium, influencing 

the double layer only through its dieleetrio constant. 

The wholeis to beseen as a condenser (ref. 1). The 

coulomb interaction between the charges present in the 

system is described by Poisson's equation: 

7.1 

In this equation 'I' is the poten ti al, which changes from a 71 



certain value 'o at the interface to zero in the bulk of 

the solution, and pe is the charge density. e is the di

electric constant, 8 is the Laplace operator which in 

Cartesian co-ordinates is equal to ö2/öx2 + ö2/öy2 + 

ö2/öz 2 • The space charge density pe' is given by the 

algebraic sum of the. ionic charges per unit volume. 

P = I 
e n=i 

vlhere '!' = 0, l:: 
n=i 

7.2 

Independently of each other G. Gouy (ref. 2) and D. L. 

Chapman (ref. 3) gave the solutions of the equations, 

without considering an adhering layer. 

2 

freely mobile liquid 
di stance 

cm 

1;-potential 

2 = potential-difference between solid 
wall and liquid. 

Fig. VII. 1 Electria double-layer in a system aonsisting 

72 of a solid and a liquid. 



0. Stern (ref. 4) gives a new solution based on the 

theory of Gouy and Chapman with the first layer of ions 

not immediately at the wall but at a certain distance 

from it. The second correction proposed by Stern is the 

possibility of specific absorption of the ions and he 

located these ions in the so- called adhering layer or 

Helmholz-layer (fig. VII.1). 

The thickness of the adhering layer is normally one mole

cule or a few molecules. 

We will not give here a further explanation of this the

ory, but we will use it for the defenition of some elec

tro-chemical phenomena. 

All electro-kinetic phenomena have to be explained by 

the interaction between a flow of electricity and a flow 

of liquid in the double layer. 

For the mathematica! analysis of these phenomena, the 

precise structure of the double layer may often be left 

out of consideration, the only essential feature being 

that the equation 7.1 is satisfied. It is customary to 

ascribe a constant value to E throughout the whole 

double layer. 

It appears that, in all modes of calculation, the elec

tric potential in the slipping-plane between the fixed 

and the bulk of the solution, which can move, determines 

the electro-kinetic phenomena. This potential is usually 

called the zeta-potential (ç). 

VII.2 ELECTRO-ENDOSMOSIS 

If an electric field is applied, the diffuse charge near 

the sol-id wall will move. The water will move at the same 

time by this effect, because it is freely mobile. This is 

normally called electro-endosmosis or electro-osmosis. 73 
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Assuming that equation 7.1 can be applied, an estimate 

can be given for the electro-endosmosis. In èylinder 

co-ordinates we can give for A 'I': 

a 
(r 

Cl'!' ) 1 ()2'1' a2 
7.3 A 'I' = - + + r ar ar r2 a~2 az 2 

Because we are working \vi th a cap i llary tube, there is 

an axial symmetry. The potentlal gradient in a zone is a 

linear one. Therefore, the last two terros are zero. It 

will be clear that the electro-endosmosis changes when 

another zone of ions enters into the capillary. The pot

entlal gradient will change and consequently the electro

endosmosis will change also.Combining 7.3 and 7.1 we get: 

A 'I' 4np e 1 d 
(r 

d'!' ) - dr dr e r 7.4 

e d 
(r 

d'l' ) Pe = - 4nr dr dr 7.5 

pe.G. 2nr dr = d [ 21rr dV ] n dr 7.6 

Electric Force = Friction Force 

Rewriting 7.5 and 7.6 we get: 

eG d (r 
d'i' ) + d (n 21rr dV ) 0 2 dr dr = 7.7 

eG d'i' + 21rr dV const1 2 r dr n dr = 7.8 

d'i' dV .. 
If r=O 0 and = 0 I const1 = 0 dr = dr 

eG d'!' + 21rn dV 0 2 dr dr 7.9 

eG 'I' + 2nnV 2 = const2 At the wall V=O, '1'=1; 7 .1 0 

eG 
t;; + 0 = const2 2 7 .11 



e:G ('f'-1;) + 21rnV 0 7.12 2 

V eG ( 'f'-1;} 7.13 = 41Tn 

VE.O. 
el; 

G 7.14 41Tn 

In this estimation we assumed that we had a wide tube, 

with 'f'=O in the bulk of the solution. Only in this case 

V and vE.o. will have constant values. 

The volume transported will be: 

Vol V = E.O. wG 7.15 

If r 0 is small when eeropared with the thickness of the 

double layer, we must calculate the volume of liquid trans

ported by the electro-endosmosis from the equation 7.16: 

V 1 eG ofro 0 = 41fn 

- 0/ro 2r'f'dr} 

211r ('f'-1;) dr = e:G 
Tri 7.16 

Equation 7.15 is exactly correct for the bulk of the liq

uid in the capillary, outside the reach of the double lay

er. The rate of displacement of the liquid in the double 

layer is, ofcourse, smaller than VEO" We can use in our 
case equation 7.15, because the thickness of the double 

layer is generally less than 10-5 cm in a 0.001mol/l sol

ution and the diameter of our tube 4.10-2 cm. 

By using Ohm's law we can rewrite 7 .15: 

w.G i 7 .17 = 
À 

(i = current 

À specific conductivity) 75 



Combining 7.15 and 7.17 we get: 

vol = 7.18 

Nevertheless, there is certain danger in the application 

of 7.18 caused by the so-called surface conductance. In 

consequence of the accumulation of ions in the double lay

er there exists an excess conductance along the surface 

of the capillary. The excess conductance may be of the 

same order of magnitu4e as the conductance through the 

bulk of the liquid, especially in dilute solutions, and 

the proportionality between i and À is lost. In that case 

we should replace 7.17 by: 

w.G.À + pGÀs = i 7.19 

p = perimeter 

Às= specific surface conductance. 

Rewriting 7.18: 

vol 7.20 

It is possible to make the necessary corrections by meas

uring the resistance of the capillary when filled with 

dilute and concentrated solutions of an electrolyte or 

by applying 7.15, where the conductance through the 

illary plays no part. 

S. Glasstone and D. Lewis (7) give on page 580 of their 

bockElementsof Physical Chemistry the same formula 7.14 

for the ~-potential of a colleidal partiele . Instead of 

VE.O 
-G--- they give the mobility of that partiele which has 

the same dimensions. 

We will state here that in the formula 7.14 and analogous 

76 formulae as well I; as G must be substituted in the elec-



trastatic units. In our experiments roughly for the elec

tra-endosmotie velocity values are measured of 0.02 m/hour. 

(fig.VII 2) 

Using equation 7.14 the r; -potential of the glass capill

ary-tube can be calculated. 

before riment 

after the eKperiment 

Fig. VII.2 Experiment direated to measuring the eZeatro

endosmotia flow. For expZanation see text. 

r; = 41Tn 
VE.O EG' 7. 21 

41T1.5 2 
B'ö90 3600 

(300)2 

"' 130 mV. 

The volume of liquid transported by electro-endosmosi,s 

is 0.0012 cm 3/hour, which is small with regards to the 

volume of 0.1 cm3 of the capillary tube. 77 



VII.3 CHOICE OF THE POLYMER, INVESTIGATED AS THE COLLOID

AL COLUMN PACKING 

The choice of the polymer to prevent electro-endosmosis 

was not a simple one. 

First polyvinylpyrollidon was used. Although the concen

tratien of P.V.P. was extremely high (60%) to get a vis

cosity of 150 e.p. it seemed that we could work with it, 

because it was a pure substance. But the high concentrat

ion of P.V.P. not only increased the viscosity but the 

mobilities of the ion species were reduced to such an ex

tent that very long analysis times were needed to effect 

a separation. Therefore we looked for another palymer. 

In our second stage dextran, the bacterial polyglucose 

bloodserum constituent, was tried. This polymer gave with 

a concentratien of about 10% a viscosity of 150 e.p. The 

substance was pure too, but it contained solid particles 

which could not be removed by filtratien or.centrifugàt

ion. By using dextran as the polymer we were faced with 

a strange phenomenon. (fig. VII.3) Befere the experiment 

we had particles in the dextran, after the experiment 

I·~:.···=···~··.: ... -...................... ·:··············· I ·. ·. ,.·.: .... · .• :···.·::-.~ ;..· ...... : •:,\;. : ... ·· .. :·.;.·.,~ .. : ..... 
• • • •• • > ~ I ! • 0 t 0 ~ • * • " : .. "' " :••. • • 

before the experiment 

( ( l l I < Ç (\ 
after the experiment 

Fig. VII. J SoUd partiales in the gël (de;ctran) forming 

membranes during the e;cperiment. For e;cplan-

78 ation aee text. 



membranes were formed in the tube. We can understand this 

by making a few assumptions: 

1) The particles in the colloid have a different migrat

ion in the eletric field because they have a different 

ç-potential or size. 

2) If two particles touch each other they are fixed • 

3) The electric conductivity in the partiele is smaller 

than in the colloid, because the concentratien of dex

tran is much higher. The ions and the other solià part

icles, moving through the tube, do not pass through 

the particles. 

4) When a membrane of particles is formed and touches the 

wall, it adheres to the wall. 

The experiments made with dextran were very noisy, be

cause the particles increase the electric resistance of 

the tube in the place where that partiele is in the tube. 

When a partiele moves under the thermocouple we get a 

signal from it. 

In the third stage arrowroot was tried. The colloid had 

a good viscosity and the ratio mobility-change with re

gard to the viscosity was good. The colloid made with ar

rowroot is not a newtonian solution but a soft gel. The 

great disadvantage was that this solution could not be 

used for a long time. Af ter two we aks i t coagulated spont

aneously. With arrowroot some experiments were made to 

check the apparatus, till the right polymer was found. 

In the fourth stage methylcellulose was tried. It was 

made by treating cellulose-acetate with dimethyl-stilphate. 

It was purified by precipitating in boiling water, dis

solving in cold water and filtrering. By repeating this 

method a very pure substance was got. This procedure 

automatically selected the product with the greatest 

chain-length. 

It was necessary to have the right degree of methylation. 79 



The viscosity was good and the product was easy to purify. 

Therefore we looked for a conunercial product. This was 

found and the purification was also easy. 

A 2%. solution has a viscosity of about 150 e.p. The in

fluence from the colloid on the velocity of the ion is 

extremely small, because 2% methylcellulose was used. In 

the case of large ions (e.g. proteïne-molecules) we must 

consider this effect. 

Experiments made to measure the viscosity showed that we 

might expect difficulties. If the temperature rose to 

48°C the colloid coagulated.(fig. VII.4) 

15 

I 0 

5 

O~--------~~---------~-----------r---------~-------
10 20 30 40 50 

T0 c 
Fig. VII.4 The viaaosity of methyZaeZZuZoae as a funat-

ion of the temperature. The aoncentrationa 

80 are respeativeZy: 75 g/Z and 20 g/Z. 



Normally the temperature in the capillary tube does not 

rise to this value, but there are some places, (e.g. sam

ple taps or the place where the capillary tube is fixed 

to the tap) where the temperature may rise to this cata

strophic value. The methylcellulose tends to coagulate, 

when the displacer zone enters into the tube. An increas

ing amount of noise was to be seen, if the displacer zone 

has been passed the thermocouple. The explanation for 

this is shown by fig. VII.S. 

30 • .. , 
• 
' ' 250 •, 

' T 

200 

150 

100 

50 

2 3 4 5 6 7 8 9 I 0 11 I 2 13 14 I 5 

experiments 

Fig. VII.5 The viaaoaity of methylcellulose as a funat

ion of the ahanging properties of the medium 

during the meaaurement of the visaosity. ~ 



If the viscosity of salution be measured repeatedly 

by the falling ball method,a decreasing series of val

ues is obtained. We interpret this as fellows. The liq

uid is not homogeneaus and consists of large particles 

of soft gel. Stirring the salution reduces the size of 

the gel particles and the apparent viscosity. Allowing 

a well stirred salution to stand for say half an hour 

permits the particles of gel to coalesce and the appar

ent viscosity will return to the original volume. 

This phenomenon is a function of temperature; at high 

temperatures the methyl cellulose is insoluble and at 

some critical temperature the cold salution begins to 

synerese and produce regions which contain little dis

solved matter. 

This syneresis may begin after the passage of a front of 

an ion of low mobility. Electro-endosmosis then causes 

relative movement of the regions of high and low concen

tration. The electrical resistance is a function of the 

concentratien and consequently the amount of heat gener

ated, and hence the temperature, at a given point become 

variable and uncertain. 

By pressing the colleid into the tube we do nQt know what 

the degree of viscosity will be. But it is certain that 

the viscosity increases by waiting a few minutes. The el

ectro-endosmosis will nat only be a function of the ion 

species filling the tube, but also a function of time. 

In the fifth stage polyvinylalcohol was tried. With this 

polymer we had to use 20% solutions in order to have a 

viscosity of about 150 e.p. The analysis-time increased 

so much that we could nat make use of this polymer, 

Finally hydroxyethylcellulose (HEC) was tried. This pol

ymer gave a viscosity of about 150 e.p. if a concentrat

ion of 2% was used. (fig. VII.6\ The colleid is very 

82 stable. (After two years there was nat a trace of coag-



400 l n cp 

30 

Fig. VII.6 The visaosity of hydroxyethylaellulose as a 

function of the temperature. The eoncentra-t

ions are respectively: 10 g/Z, 20 g/Z and 

24 g/l. 

ulation and the viscosity was constant. Fig. VII.7) It 

contains only some weak acids and it was not so easy .to 

find a method to get rid of thern. 

Actually we used the following process: 

To the solution of 2% HEC a mixed-bed ionexchanger was 

added (ratio 1:100). 

The colleid was stirred for one hour. The ternperature 

was kept at 50°C in order to make the solution less vis- 83 



cous. The ionexchanger was separated by filtratien and 

after this the smallest particles were removed by centri

fugation. The colloid prepared by this method is pure 

enough to work with at pH ~7. 

The air-bubbles in the colloid, introduced by mixing the 

colloid with the electrolytes, were removed by evacuating 

the solution during the night. 

150 

100 

50 

10 20 30 40 50 • 

Fi6. VII.? To check the stabitity of the hydroxyethyt

aetZutose cotZoid, its visaosity ~as measur-

84 ed at an intervat of t~o years. 
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LIST OF SYt-:!BOLS. 

e charge of electron statcoulomb 

e: = dielectric constant electrostatic units 

viscosity -1 -1 
n gcm sec 

t:; zeta-potential statvolt 

G potential gradient statvolt cm -1 

i current statampere 

specific electric condut:tivity -1 -1 À = statohm cm 

Às = specific electric surface 
-1 conductivity statohm 

n quantity of i ons 

ûl = area of tube cm2 

Pe = space charge density statcoulomb cm -3 

r = radius capillary tube cm 

'I' poten ti al statvolt 

s.e charge of ion statcoulomb 

V velocity cm sec-1 

vE.o= electro-endosmotic velocity cm -1 sec· 
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C H A P T E R VIII 

FALSE SIGNALS 

This chapter describes the formation of 

gas-bubbles in the narrow hole tube and 

other sourees of false signals. 

VIII.1 GASBOBBLES IN THE SYSTEM 

By using a colleid with some invisible gas-bubbles in 

it, we get into trouble when the temperature rises. The 

bubbles forméd in the tube, decrease the inside cross 

sectien of that tube. The steady-state formed after a 

few minutes, will be destroyed and the distance between 

the peaks will not be constant. It is not possible then 

to do any r~producible quantitative work. 

But it is also possible for the resistance to rise so 

much' that the liquid will boil locally. At that moment 

the current will fluctuate and the base-line of the 

differential temperature-record will be noisy. (fig. 

VI.6) If there is too much gas in the capillary tube 

no current will pass through it. Another possibility of 

formation of gas-bubbles may be mentioned here. When we 

use a displacer that is slow because it is partially 

ionised, for instanee carbonate, the pH of the liquid 

may change, so that carbon-dioxide is formed. 

In some of. our experiments we were not ancere of the 

fact that the liquid in the capillary tube had turned 

so acid (pH ~ 4) after half an hour that some bubbles 

86 were formed. Therefore it was not possible to make any 



reproducible experiments. For that reason use of boric 

acid is to be recommended. 

In the experiments with carbonate as a displacer, with

out cantrolling the pH, we got an extra velocity in the 

direction of the anode. By the carbon dioxide bubble 

the whole bulk in the capillary tube was pressed towards 

the anode. Normally we will get, when the same condit

ions are used, a constant velocity, but if the taps are 

not gas-tight ones we will not get constant figures. Of 

course we must consider this, when using closed electro

de-compartments. The effective length of tube used for 

separating the ions from the sample, will thus be short

ened. In order to check this effect, an apparatus as 

shown in fig. VIII.1 was constructed. 

+ -
~----------------1 .-------------------~ 

10.000 V 

CHLORIDE DISPLACING 
ACID 

Fig. VIII. 1 Apparatus (sahematia) as used to show faZse 

signaZs from a moving buZk of Ziquid inside 

the tube, registered by the differentiaZ 

thermoao.upZe. See aZso fig. VIII.2. 

Basically, the whole apparatus consists of two tubes I 

and II, the anode- and the cathode-compartments respect

ively, and a capillary tube between them. The anode is 

made of silver, to prevent oxygen being formed. The sil-

ver ions do not enter into the capillary tube, because 87 



AgCl will be formed by the presence of chloride. The 

anode campartment is closed and connected with a syringe 

in order to put pressure upon this compartment. 

The cathode-compartment is also closed; the cathode is 

made of CuO in order to prevent hydragen being formed. 

Into the cathode-compartment we introduce a little gas

bubble to make sure that the colloid could be pressed 

through the capillary tube, when there is a pressure up 

the anode compartment. The experiment was started with 

a pressurè of 4 atmospheres upon the anode-compartment. 

Then the current was switched on. The anode-campartment 

was filled with histidine 0.02 mol and HCl 0.01 mol. 

The capillary tube contains histidine 0.01 mol and HCl 

0.01 mol. The cathode was filled with carbonate. All 

the compartments contain hydroxyethylcellulose 2% to 

increase the viscosity. When the carbonate filled up the 

whole capillary tube from cathode to thermocouple , we 

removed the pressure from the system. The colloid in the 

tube moved a little bit. The same thing, but in the opp

osite direction happened when we put pressure on the sys

tem again. ·The differential thermocouple registered this 

as shown in fig. VIII.2. 

pressure off 

Fig. VIII.2 The moving liquid inside the tube is deteat

ed by the differential thermoaouple as shown 

88 in this figure. For e~planation see te~t. 



The explanation is very simple. When we put pressure on 

the anode-campartment the hot liquid will move ih the 

direction of the cathode. The junction closest to the 

anode will be heated up first and give a signa!. When 

the hot zone reaches the second junction, the signa! dis

appears.: When we remove the pressure from the system the 

same thing will happen, but now i·h the opposite direct

ion. 

A close examinatien of fig. VI.II. 2 will show that by putt

ing t,he pressure upon ,t,he system we get a signa! with two 

peaks. The reason is that we also get the effect we norm

ally find at the beginning of each experiment: the .. diff

erence in speed between the two junctions in reac~ing the 

equilibrium temperature. 

When we remave the pressure from the system we ,do nat 

see .that se.cond peak, because the eff~ct is less c:learly 

marked now. The quick junction reaches in this ca~e .the 

equilibrium temperature automaticall:y: a few seconds after 

the slow one. 

When we have a series of gas-bubbles in the tube it is 

possible that these bubbles migrate on the head of the 

.. . 
t~me 

Fig. VIII.3 Another sourae of fa~se signals: gas-bubbZes 

as deteated by the differentiat thermpc:ouple. 

For explanation see text. ~' 



front. Now, when these bubbles pass the thermocouple the 

differential thermocouple gives a signal that is nearly 

the same as the one we got in the experiment mentioned 

above (fig. VIII.3). The explanation of this is as foll

ows. The bubble migrates in a heat zone. When a bubble 

passes the thermocouple, the heat zone will first heat 

up the first junction, then we have a short time a temp

erature which is the same for both junctions and then it 

will heat up the second junction. When the bubble has 

passed, the second bubble comes. Here the registration 

is given for seven great and one small bubble. The sign

als were so great that we had a smaller amplification. 

Therefore we do not see the difference in heat capacity 

between the two junctions. 

With the results of the apparatus shown in fig. VIII.1 

it was certain that a gas-bubble formed during an exper

iment is able to push the colleid as a plug through the 

capillary and this effect superposes an extra velocity 

upon the electrophoretic velocity and shortenes the ef

fective length of a capillary tube. 

Also it is to be see that a bubble that was in the coll

oid, can make an electropherogram uninterpretable, be

cause it moves on the head of a front. We may observe 

here that we tried to register the main fronts first 

with such a series of bubbles moving on the head of that 

front. The diameter of each bubble was different and the 

stability of the system was not very high. Therefore we 

did not continue along these lines. 

Conclusion : 

When taking account of all that has been said above, we 

can give a sketch for all the veloeities we normally may 

find in the tube: fig. VIII.4. The leakages from the two 

90 taps A and B are given schematically. 



1) is the electrophoretic velocity. 

2) is the electra-endosmotie velocity, which has a diff

erent value for each compartment. 

3) is the velocity, due to the countercurrent pressure 

built up by the electra-endosmotie velocity. 

4) is a velocity due to bubbles formed in the capillary 

tube. 

From experiment to experiment the values of 3 and 4 may 

differ, dependent on the leakages from A and B. 

~~ ~,._) ~._)~ 
+ ~ ~- a......!."ï ~~ 

5 !6 

-

Fig. VIII.4 The various veloeities occuring in the cap

iZlary tube. 

1: eZectrophoretic veZocity. 

2: electro-endosmotic veZocity. 

3: velocity due to the counter-current pres-

sure. 

4: velocity due to a bubbZe formed during 

the experiment. 

5: Zeakage at the anode. 

6: leakage at the cathode. 
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C H A P T E R IX 

QUANTITAT/VE ASPECT$ 

Thi8 ahapter gives the relation between 

the quantity of the ion speaies introdua

ed in the sample-tap and the distanae be

twee~ the peaks in the displacement elea

trophenogram, when arrowroot was the pol

ymer to prevent èleatroendó~mosis. It des

aribes the"mixed"zones found when samples 

of high aonaentrations are used. 

IX.1 INTRODUCTION 

Although at first the methad was good enough for qualit

ative, not quantitative work, after a short time the 

working conditions were such that we. looked for the re

lation between the quantity of the species of ions in 

the sample, and the distance between the peaks. Where 

in this dissertation is spoken about a concentration of 

a sample expressed in mol/1 or g/1, this means that a 

certain amount of liquid (the volume of the sample tap) 

with that concentration is put into the system. The con

centrations of the ion species are ofcourse dependent of 

the concentration of the salution ori~inally filling the 

capillary tube. 

The general data from the following experiments are as 

follows. 

The anode is made of platinum. The anode campartment 

92 is filled with arrowroot (10%) and sodiumchloride 0.01 



mol/1. The anode campartment is open, to allow•the oxyg

en formed during the experiment to escape. 

The capillary-tube has a length of 80 cm, an outside dia

meter of 0.6 mm and an inside diameter of 0.4 mm. It is 

filled with the same salution as the anode compartment. 

In the sample tap is arrowroot used toa. The cathode is 

made of platinum and the cathode campartment is also op

en to makesure that the hydrogen,formed at the cathode, 

will escape. The cathode campartment contains no arro

wroot, but only the displacing acid in water. 

To find out if a steady-state has formed in the tube two 

sets of thermocouples are used. When the signals from 

both are identical, the separation is complete and the 

steady-state has been formed. The current was 80 pA. The 

colloid was prepared as fellows: 

The arrowroot (10%) was cooked tagether with a small 

quantity of butylalcohol. To remave any solid particles, 
the colleid was centrifuged for twenty minutes after 

cooling (4000 rev/mm). 

After this the sodiumchloride was added in such amount 

that the concentratien was 0.01 mol/1. 

Befare an experiment was started the pH of the anode com

partment was made 13 by adding sodiumhydroxide. The pH 

of the cathode campartment was acid owing to the displac

ing acid. 

IX.2 INFLUENCE OF THE DISPLACER ON THE LENGTH BETWEEN 

THE PEAKS IN THE ELECTROPHEROGRAM 

The measurements are given in tables 9.1, 9.2, 9.3 and 

9.4. Although there are two·sets of thermocouples only 

the results of the second set, the one .nearest to the 
anode, are given here. 
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When using a high concentratien of a given sample the 

first set of thermocouples do not the same signals 

as the second set. 

TabZe 9.1 The relation between the quantity of sulphate 

and the length between the peaks. 

Displaaer 8 - naphthoguinonesulphate. 

~ ~ 

........ (J) 
~ 

(J) 

(J) -1-l (J) '"Cl 
-1-l fÓ -1-l ·ri 
fÓ 

(j)~ 'á~ ró.-1 ~~ 
-a~ ..C::'-.-1 Q.,lj'l .-1 
.-1 0 ::l t:: .-1 ..c::s:: 
:ss:: ~-~ !ll..-1 ::l s:: O·ri 
!ll·ri 

~ lll·.-1 ........ 
........ ........ .-1 ........ .-1 
..c:: ..c:: '"Cl u '"Cl 

10.1 184 116 4.8 125 

10.2 184 113 4.8 125 

9.4 182 57 2.4 126 

10 .1 183 46 1.93 125 

9.6 182 32 1.2 125 

10.0 183 28 0.96 126 

9.8 183 22 0.8 125 

9.6 183 16.5 0.61 126 

9.6 184 14 0.48 126 

9.8 183 11 0.34 126 



TabZe 9.2 The FeZation bethleen the quantity of suZphate 

and the Zength bethleen the peaks. 

DispZaceF acetate. 

~ ~ 

~ Cl) 
~ 

Cl) 
Cl) ~ +I Cl) '0 
+I (1,) m +l ...t 
m +I -&~ lli..-1 ~ ~ -&~ ~~ ,c:, 

..-1 O..t:ï> ..-1 
..-1 Cl) ::IS:: ..-1 .c:s:: 
::IS:: os:: 1/l•.-l ::IS:: O·M 
tll...t m...t ....... ---- ....... ..-1 1/l...t 

..-1 ....... .c: .c: '0 u '0 

8 78 49.3 2.4 125 

8 80 51 2.4 125 

a.2 77 41 1 • 6 125 

8 78 30 1.2 125 

a 81 20 0.8 126 

a.2 ao 18 o.a 126 

8 80 17.5 o.a 125 

8.2 79 14.6 0.6 125 

a .1 80 8 0.4 125 

8 81 8 0.3 125 

8.2 81 4.9 0.24 125 

8 81 5 0.24 125 

To find the influence of the displacer we take a-naphtho

guinonesulphate, acetate, naphthalene-2-sulphonate and 

benzoate. 95 
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Table 9.3' The Pelation between the quantity of sulphat~ 

and the length betwee~ the peaks. 

DisplaaeP naphthalene 2 sulphonat~. 

' 
~ ~ 

~ 2· ~ 
Q) 

(!) Q) ''"Cl 
.j.J CU .j.J ·r-1 
rd 

~~ -&~ (($.-1 ~ ~· 
-&~ ..C:'-. 

.-1 O.t!' .-1 
.-1 

(/) :}I:: .-1 ..C:i:: 
::la NI:: Ol•r-1 ::l 1::: 

U·r-1 Z·r-1 fil·r-1 ...... ...... 
~-r-1 

....... 
....... ..c: ..... .-1 
..c: rel· u '0 

;· . 

- 170 - ·. - 144 

10 168 221.5 9. 6 .· 140 

9 170 136 6.4 140 

10 170 153 6.4 139 

9 169 112.5 4.8 139 

9 171 81 3.2 139 

9 171 77 3.2 139 

9 170 59.5 .. 2.4 139 

9 169 33 1.2. 139 

10 170 33 1 • 2 139 

9 170 28.5 0.96 139 

9 171 21 0.64 140 

10 172 20 0.64 139 

10 171 16.5 0.48 140 

10 172 12 0.32 139 

10 171 9 0.24 139 

10 171 7.5 0.16 139 



Tabl~ 9.4 The relation between the quantity of sulphate 

and the length between the peaks. 

Diaplacer benzoate. 

~ ~ ,...... 
~ (!} ,...... (!} 

(!} (!} .j.) (!} 't:l 
.j.) '.j.) 1'11 .j.) ·.-1 
1'11 ro 

-a~ 1'(1..-l ~~ -a~ ~ ~- ..C:'-. ..... O.t/1 ..... ..... :!::: ::1!::: ..... .r::J:: 
::SJ:: (!}!::: Cll·.-1 ::I 17:: 0·.-1 
(Jl..-1 :S. ·.-1 ~ tll·.-1 ~ 

~ ..... ...... ..... ..c: .r:: 't:l u 't:l 

8.7 119 112 4.8 134 

8.5 120 113 4.8 133 

8.6 120 112 4.8 133 

8.7 119 78 3.2 133 

8.5 120 76 3.2 134 

8.5 119 59.5 2.4 133 

8.4 119 41.5 1.6 133 

8.6 120 31 1 • 2 133 

8.5 119 23 0.8 134 

8.4 119 17 0.6 133 

In the third and fourth columns of these tables the 

distancès between the peaks and the concentratien of 

the sample are given. 

The values are presented graphically in fig. rx.1. We 

can see that the relation is linear between the arnount 

of sulphate put into the system and the distance be

tween the peaks. 

Deviations must be attributed to the leakages of the 

sample tap. We can see that deviations caused by using 

a displacer with a smaller mobility are very small. The 

line giving the linear relation, does not pass through 

the origin. The reason for this is that some sulphate 

was present in the arrowroot. No arrowroot was used in 97 
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. IX.7 The distanae as-measured between the peaks in 

the displaaement eleatropherogram is a junat

ion of the amount of aulphate introduaed in 

the aapillary tube. It should be observed that 

a sample of 3.70-S was introduaed. The aon

aentration of the sample salution is given in 

all graphs showing this relation. 

the cathode compartment, but without any sample the sul

phate in the capillary tube gives a small step in the 

electropherogram. Befare use we did not purify the arro

wroot. 

Columns 1 and 2 give the heights of the sulphate and the 

displacer respectively. The deviations in these values 

must be ascribed to the fact that we did not do any ther

mostatting and that the reference junction had the air

temperature. If we wish to make a qualitative experiment 

98 it is not necessary to thermostat, because we can add 



e.g. sulphate as a reference and calculate from this the 

heights of the other zones, as they were found in other 

experiments. 

Column 5 in the tables gives the length of the chloride 

zone. These values are almost constant in one table but 

they vary from table to table. The reason for this is 

that besides sulphate there was also chloride in the ar

rowroot present as impurity. The concentratien of the 

solutions was retained at nearly 10%, but during the pre

paration of the colloid the concentration of .the arro

wroot may possibly have increased, by evaporation. Auto

matically the impurities in the form of sulphate and 

chloride will then increase too. The results of table 

9.1 and table 9.2 have been obtained from experiments 

with the same batch of arrowroot. The éxperiments of 

table 9 .3 and 9 .4 were also made with a same batch. 

Because we did not use arrowroot in the cathode compart

ment, the influence of sulphate and chloride present in 

the arrowroot as impurity was not so great as to make it 

impossible to use these experiments to check the relat

ion between the concentration of the sample and the 

length between the peaks. That other mistakes were made 

by using no arrowrootc in the cathode campartment we saw 

later on, when we knew more about the system. The elect

ro-endosmosis increased because the viscosity was small

er than in the capillary tube. The potential gradient 

however is also much smaller and this compensates each 

other. 

Figure IX.2 shows that the kind of displacer has an in

fluence on the temperature of the sulphate zone. We could 

say that a displacer with a smaller mobility the mobility 

of e.g. sulphate decreases. But the reason for this might 

be found in the fact that weak acids increase thè pH of 

the zones before them. By this the conductivity increases 

and the heat production decreases. It will be clear that 99 
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Fig. IX.2 The temperature of the sulphate zone is in

fluenced by the species of displacer. 

in that case the mobility of let us say sulphate does 

not change, if another displacer is used. The small ef

fect of temperature-change on the change of mobility 

must be neglected. 

IX.3 INFLUENCE OF THE SPECIES OF ION ON THE LENGTH BE

TWEEN THE PEAKS IN THE ELECTROPHEROGRAM 

To find out if the species of ion has an influence on the 

length between the peaks, acetate was used as a sample 

besides sulphate. The displacer was in this case naphtha

lene-2-sulphonate. 

Table 9.5 should be compared with table 9.3. 

100 Both tables have been plotted in fig. IX.3. 



Tabte 9.5 The reZation bet~een the quantity of acetate 

and the Zength bet~een the peaks. 

DispZacer naphthaZene 2 suZphonate . 

......... ..... 0) 
........ (l.l ......... '0 
(l.l +I (l.l . ..; 
+I !l~ +I ..-i ~~ !l~ <~ rtl'-

QJ -IJtl'l ..-i 
(l.l Cll oe 0) .cc 
0 c Ns:1 rtl·rl 01:1 0·.-1 
rtl·rl z . ..; ~ f'tl.,.j ~ -- -- ..-i -- r-1 .c .c '0 u '0 

82 170 148 5.9 116 

81 168 104 4.0 117 

82 170 104 4.0 117 

82 169 77 2.95 117 

81 169 56 2.0 116 

80 170 56 2.0 117 

81 170 43 1.5 116 

81 171 24 0.75 117 

81 170 23 0.75 117 

81 170 18 0.59 117 

82 170 13 0.4 117 

81 170 14 0.4 117 

81 171 12 0.3 117 

81 170 9 0.2 117 

81 170 9 0.2 117 

Fig. IX.3 clearly shows that the influence is small when 

small quantities are used. By using much of a component 
the whole tube will be filled with that species of ion. 

It will be clear that in that case we may not expect a 

reproducible value. The same effect will be obtained when 

using a displacer with a small mobility. Because the 

electro-endosmosis is a function of the potential grad-

ient, the influence of the electro-endosmosis will be 101 
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Fig. IX.o The distanae as measured between the peaks in 

the dispZaaement eZeatropherogram~ as a funat

ion of the amount of suZphate, respeativeZy 

aaetate introduaed into the aapiZZary tube. 

greater when we use a displacer with a small mobility 

than when we use a displacer with a high mobility. (We 

will discuss this in conclusion 2 of IX.4) 

IX.4 INFLUENCE OF A COMBINATION OF IONS ON THE DISTANCE 

BETWEEN THE PEAKS IN THE ELECTROPHEROGRAM 

To find this relation a mixture of sulphate and acetate 

was chosen. The results are given in the tables.9.6 and 

9.7. Table 9.6 has been plotted in fig. IX.4 and table 

9.7 in fig. IX.S. These figures clearly show that the 

same relation as we got from a single ion as a sample 

102 is retained. 
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Fig. IX.4 The distanae as measuPed between the peaks in 

the dispZaaement eZeotropherogram, as a funat

ion of the amount of suZphate and aaetate 

introduaed into: the· aapiZZary tube. 

The disturbances due to the sulphate and the chloride in 

the original mixture of arrowroot automatically affect 

only the chloride respectively the sulphate step. When 

we used acetate only as a sample they also affected the 

acetate step. Another phenomenon we noticed when we were 

using high concentrations of the sample sulphate and 

acetate. Between the sulphate and the acetate step a 

mixed front was detected, consisting of ions that had 

not been separated. 

The zone was sharply detected, only it was visible from 

the signals of the two sets of thermocouples that this 

zone was not stationary. The length of the zone, detect-

ed by the first set of thermocouples was greater than 103 
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that detected by the secend set. When we used one part

icular sample, we saw a characteristic height of step 

due to the zone consisting of the non-separated ions. 

To learn more about this zone a new serie·s of experi

ments was set up. 

4 

3 

2 

0 

[J acetate 

e t= sulphate 

displacer:f!NQS 

dl mm 

0 10 20 30 40 50 60 70 80 90 100 

Fig .. IX.5 The dietanae as measu!'ed between the peake in 

the displacement eleat!'ophe!'O{J!'am, as a funat

ion of the a,mount of sulphate and aaetate 

introduced into the capiZZa!'y tube. 



IX.5 DETECTION OF ZONES CONSISTING OF THE NON-SEPARATED 

IONS 

TabZe 9.6 The reZation between the quantity of suZphate 

and aaetate and the Zength betwe~n the peaks. 

DispZaaer B - naphthoguinonesuZphate. 

"""' 
~ 0.. 
0.. ,.... (1), 

~ 

"""' (!) (!) .j.l 
(!) 

...... ~ Q) 
+J ,;-.. +J UI Cl) Q) ...... 'Ö 

.j.l UI Cl) rd rg· ~ .j.l +J (!) ..-! 
rd -&~ 

+Jr-l 

-&~ 
+J ·fl ~ !Ur-l ~~ 'g~ fl ~ U)~ .C:"- rd"-

r-l ;~a Q) O..tn +J tn r-l 
r-l x Q) 0 :l s:: 0 s:: r-l Q) .c:s:: 
:l a ·.-1 s:: oa zs:: Ul•.-1 .§·.-! n:l·.-1 ::1S:: o a 0..-! 
Ul·.-1 !': ·.-1 rd·.-1 a:l.•.-1 ~ 

~ tll·.-1 lil ·.-1 
~ ....... ....... r-l ..-1 ....... ...... 

r-l ..-1 .c: .c: .c: .c: 'Ö 'Ö 'Ö u u 'Ö 

10.1 42 81 180 42.5 120.5 87 4.8 5.9 138 

10.1 41 82 179 46 44 84: 3.2 ·3.94 138 

10.2 41 82 179 44 19 72 2.4 2.96 138 

10.1 - 81 180 35 - 50 1 • 6 1.96 138 

10.0 - 82 181 29 - 42.5 1 • 2 1 • 48 139 

10.1 - 82 181 29 - 42.5 1 • 2 1. 48 139 

10.1 - 82 179 19 - 28 0.8 0.98 138 

10.1 - 81 180 15 - 20 0.6 0.74 138 

10.2 - 81 180 10.5 - 11.6 0.4 0.48 139 

1o.o - 82 179 10.5 - 11 • 4 0.4 0.48 138 

1 0.1 - 82 180 8 - 10 0.3 0.38 138 

10.2 - 82 180 6 - 9 0.2 0.24 138 

10.1 - 82 180 5 - 6 0 .1 0.12 138 
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TabZe 9.? The relation between the quantity of sulphate 

and ac~tate and the Zength between the peaks. 

DispZacer naphthalene 2 sulphonate. 

~ 

...... 0.. 
0.. ~ ().) ~ 

...... (I) ().) +.l ~ ...... ()) 

().) +.l ~ +.l fil ().) (I) "Ó ...... 
.j.) fil ().) rtl +.l +.l ·rl ()) 

rtl +.l 'á~ 'g§ ~~ !UI ~ ~ +.lr-~ 

'á~ rg~ ~~ ~~ 
..C:'-.. ro, 

.-l ~ Q) 0..0'> .-1 ~0'> 
.-1 ~ ().) til ::J ~ ·.-! s.:: u r:: .-l .as.:: 
::J ~ •.-! c: u s.:: NI:: tll·.-1 S·.-1 n:l·rl :::lS:: U·rl 0 s:: 
fil•.-1 !! ·.-1 til·.-! :Z:-.-1 ~ ~ -- (1)-.-1 -- ~·.-1 
~ ~ -- .-1 .-l .-1 ~ .-1 

.a .a .a .a "Ó "Ó "Ó u "Ó u 

8 40 80 170 40 23 60 2.4 2.95 116 

7.5 41 81 169 40 30 63 2.4 2.95 116 

8 - 80 170 39 - 51 1 . 6 2.0 116 

7.5 - 80 171 30 - 40 1.2 1.5 115 

8.5 - 80 170 21 - 23 0.8 1 • 0 116 

8.5 - 81 170 13.5 - 17 0.4 0.5 116 

8 - 81 170 7.5 - 8.5 0.16 0.2 116 

To compare·the experimentally found length of the sul

phate-acetate mixture in the case of high concentrations 

with the. theoretica! length, the theoretica! values were 

calculated from figure IX.4. When we use a sample with a 

concentratien of 4.8 g/1 for sulphate and 5.92 g/1 for 

acetate we would expect from figure IX.4: 

dl (sulphate) 

dl (acetate) 

Total 

Experimentally found from 

dl (sulphate) 

dl (acetate) 

Tot al 

107 mm 

= 122.5 mm 

= 229.5 mm 

table 9.6 first line: 

= 42.5 mm 

= 87 mm 

= 129.5 mm 



The difference between these two values is 100 mm. The 

step of the mixed zone of sulphate and acetate has a 

length of 120 mm. In the same way the theoretica! val

ues of fig. IX.4 are compared with the experimentally 

found values. The values are given in table 9.8. 

Table 9.8 Identifioation of the mixed step. 

For explanation see text. 

Theoretica! Experimental 

1 2 3 4 5 6 7 8 9 10 

107 122.5 229.5 42.5 87 129.5 100 120 4.8 5.92 

73.5 98 171.5 46 84 130 41.5 44 3.2 3.92 

55.5 74.5 130 44 72 116 14 19 2.4 2.96 

55.5 74.5 130 40 60 100 30 23 2.4 2.96 

55.5 74.5 130 40 63 103 27 30 2.4 2.96 

Column 1 gives the length of the sulphate step theoret-

ically. 

Column 2 gives the length of.the acetate step theoretic-

ally. 

Column 3 gives the sum of the columns 1 and 2. 

Column 4 gives the length of the sulphate step experim-

entally. 

Column 5 gives the length of the acetate step experimen-

tally. 

Column 6 gives the sum of column 4 and column 5. 

Column 7 gives the difference between column 6 and col-

umn 3.(the theoretica! mixed step) 

Column 8 gives the length of the mixed step, experim-

entally found. 

Column 9 gives the concentratien of sulphate in g/1 in 

the sample solution. 

Column 10 gives the concentratien of acetate in g/1 in 

the sample solution. 107 



Conclusions: 

1) The length found on the recorderpaper must be multi

plied by the factor 3.3 to find the length of zone in 

the capillary tube. A length of 240 mm on the record

erpaper means that the whole tube is filled with the 

species of ion present in that zone. It will be clear 

that in such a case accurate measurements are imposs

ible. 

2) From the values given in column 7 and the experiment

ally found values given in column 8 of the table 9.8 

we might conclude that the mixed step consists of sul

phate and acetate not yet separated. 

Because the height of the mixed step was nearly constant 

a new series of experiments was set up. 

0 

/." 
./ 

/ 

% acetate 
0 in sam e 

0 10 20 30 40 50 60 70 80 90 100 

Fig. IX.6 The height of the 'tnixed stepas a function of 

the ratio of acetate to suZphate intrbduced 

108 into the capi Zlary tube. 



IX.6 THE INFLUENCE OF THE RATIO OF SULPHATE TOWARDS ACE

TATE ON THE HEIGHT OF THE "MIXED" STEP 

In the system we put samples with such high concentrat

ions that we could not expect a steady-state. If we use 

sulphate as a sample we have a height of 8 mm. If we use 

acetate we will find a height of 78 mm. 

Table 9.9 shows what we got in other cases. The values 

are plotted in fig. IX.6. Theoretically we should find 

a linear function. Because we get a linear function 

giving the relation between the ratio of the concentrat

ion of sulphate and acetate and the height of the mixed 

step we can conclude that this mixed step is formed by 

sulphate and acetate. 

Fig. IX.7 shows a displacement electropherogram with a 

mixed step of sulphate and acetate. 

chloride 

2 = sulphate 

3 sulphate + aè:etate 

l' 
4 acetate 

5 13NQS 

4 

3 

90 

51 

time 

Fig. IX;? "Mixed" step registered by the integraZ thermo-

aoup.Ze. 109 



Table 9.9 Influenae of the ratio of ~he aonaentration 

of sulphate and aeetate on the height of the 

mixed step. 

Displaeer naphthalene 2 sulphonate. 

I 
.... 

I ' "'~ ... .... "" I 0> +$ ' ~t; "' ' +m +m "" Qi' ""' "' Qi' 
î "' Ql<l Qi' m " "' ~ "'" Qi' ...00 .... ........ 

~ 
'tl 

"'"' "i .. .. " lil "' ........ .. .... 

t "'" lil i ig ns ns" ... ... 
ig :a ... ... i ig i .. 0 .... _,;p ... .... " "' ... ... 

" n.on " "' ~ 
.... " .... .... 

" ..:: .... .... 
0 "' ~ ~ "' 

0 "' ~ M 2 " " ~ ~ ~ ~ !!!. ~ E .... ..... ..... .... 
.<:: .<:: .<:: .<:: 'tl 'tl 'tl <J <J <J .. .. 'tl 

8 44 79 170 40 23 60 2.4 2.!!5 5.35 44.8 55.2 134 

7.8 42 80 169 40 30 63 2.4 ~.95 5.35 44.8 55.2 134 

8 44.5 81 170 42.5 120 87 2.4 2.95 5.35 44.8 55.2 133 

8.2 45 82 171 46 49 84 1.6 1.97 3.57 44,8 55.2 134 

8.1 41 82 170 44 19 72 1.2 1.48 2.68 44.8 55.2 133 

7.9 59 81 169 27 49 86 1.92 4.72 6.64 28.9 71.1 134 

8 30 80 170 63 71 52 4 .• s 2.95 7.75 62 38 134 

8 30 80 170 69 51 54 4.8 2.95 : 7.75 62 38 i 134 

8.1 23 80 169 89 22 27 6.4 1.97 I 8.37 76.4 23.61134 
8 65 79 170 17 33 113 1.07 5.24 6.31 16.9 83.1 134 

Note: In this dissertation sometimes the expression mixed 

step respectively mixed peaks i's used. This means the de

tection from the integral thermocouple of the zone con

taining the not-separated ions respectively the detection 

110 from the differential thermocouple of that zone. 



C H A P T E R X 

QUANTITATIVE ASPECTS 

This ahapter desaribes the relation between 

the quantity of ion introduaed in the sam

ple-tap and the distanae found in the dis

placement eleatropherogram, when hydroxy

ethyZaeZlulose was the polymer to prevent 

eleatro-endosmosis. No buffer-ion was add

ed to the system. 

X.1 INTRODUCTION 

The general data of the experiments below are as follows. 

The anode is made of platinum. The anode campartment is 

open to allow the oxygen or chlorine,formed during the 

experiment,to escape. The anode campartment is filled 

with a salution of 2% HEC and 0.01 mol/1 sodiumchloride. 

The pH is 13 by adding sodiumhydroxide to the solution. 

The capillary is the same as the one used in the experi

ments with arrowroot. Inside is a salution of 2% HEC and 

0.01 mol/1 sodiumchloride. 

The sample tap is also the same as the one in the experi

ments with arrowroot. Into the salution of the sample is 

introduced 2% HEC. 

The cathode itself is made of platinum too. The cathode 

campartment is slightly acidified by the presence of the 
displacer acid and contains also 2% HEC. The campartment 

is open to allow hydragen formed during the experiment 

to escape. The other conditions e.g. the voltage used and 111 
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the current, are the same as in the experïments with ar.,.. 

rowroot. 

The method of preparing the colleid has been described 

in the sectien dealing with the colloids. The voltage ap

plied is 2000 - 10000 V, the current is po ~A • . ' 

In order to show that we can choose any substance instead 

of sulphate and acetate, we will also give here some oth

er electrolytes. 

X.2 · INFLUENCE OF THE KIND OF DISPLACER'ON THE LENGTHOF 

A PRECEDING ZONE 

As sample sodiumnitrate is t.aken. The values giving the 

relation be found in the tables 10.1, 10.2, 10.3 and 

10.4. The relation between the amount of nitrate and 

the distance between the peaks in the displacement elec

tropherogram is given in figure X.1. The values are tak-

4 

l c g/1 
nitrate 

3 

displacer: 

2 e acetate 

A oxalate 

A benzenesulphonate 

o benzoate 

,, 
0 /' 

dl mm .. 
0 I 0 20 30 40 50 .60 70 80 90 100 

Fig. X.7 Thé distanae as measured between the peaks in 

the diepZaaement eZeatrophePogPam as a funat

ion of the a•ount of nitrate introduaed into 

the aapiZZaPy tube. 



en from the third and the fourth column from the tables 

mentioned above. 

The figure shows that in low concentrations of nitrate 

hardly any influence of the displacer is to be seen. The 

line indicating the relation passes through the origin, 

which means that the colloid is free of foreign electro

lytes. (In the experiments with arrowroot we had diffic

ulties caused by the presence of chloride and sulphate) 

The fifth columns gives nearly constant values, which 

means that the hydroxyethylcellulose has nearly the same 

concentratien and does not contain chloride as an im

purity.(Two electropherograms for the separation of ni

trate are given in fig. X.2.)The first and second column 

give the heights of the nitrate step and the height of 

the displacer step respectively. No thermostatting was 

attempted. 

1/40 mol 1/80 mol 

nitrate nitrate 

dl 50 mm d~ 2-\ mm 

time time 

Fig. X.2 Displacement electropherograms of nitrate. 

Quickest ion is chloride, displacer is acetate.1~ 
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Tabte 10.7 The relation bet~een the quantity of nitrate 

and the length between the peaks. 

Displacer oxalate. 

~ 

~ <IJ 
~ -- <IJ ...... '0 
<IJ <IJ ~g 

<IJ ·.-I 
.j.) .j.) .j.)..-1 ~ ~ 
~ ~ ~~ "'' .j.) 1-lö> ..-1 

.j.) ro -.-lé .j.) ..C:é 
-.-lé x é é·.-1 ·.-1 é U·.-1 
.s.·.-1 0·.-1 ...... é·.-1 ~ 

~ ..-1 ...... ..-1 

..c: ..c: '0 u '0 

8 18 173 6.2 202 

8 18 95.5 3.1 202 

8 18 49.5 1.6 202 

8 18 23 0.8 202 

8 18 18 0.62 202 

8 18 13 0.41 202 

8 18 13 0.41 202 

Table 10.2 The relation bet~een the quantity of nitrate 

and the length bet~een the peak2. 

Displacer benzoate. 

~ 

....... ....... (I) 

....... (I) (j) ...... '0 
(I) .j.) .j.) <IJ ·.-1 
.j.) m ~ .~ 

.j.)..-1 ~~ 
~~ g !ê "'' .j.) !-40> ..-1 
.j.) é ·.-1 é .j.) ..C:é 
·.-1 é (I) é .s.·.-1 ·.-1 é 0-.-1 
é·.-1 ..a ·.-1 é·.-1 ....... 

....... ........ ..-1 ...... ..-1 

..c: ..c: '0 u '0 

8 182 169 6,2 202 

8 182 98.2 3.1 202 

8 182 52 1 • 6 202 

8 182 26.2 0.8 202 

8 182 19.5 0.62 202 

8 182 14.5 0.41 202 



Table 70.3 The relation between the quantity of nitrate 

and the Zength between the peaks. 

Displacer benzenesulphonate. 

I 
0 ..c: 
0.. 

.-! ~ 

::l ~ Ql 
~ (IJ Ql ~ rel 
Ql Ql .j.) Ql -~ .j..l c:: ~ ~ .j..l.-! 

~ ~ ~ ~ <ll~~ m"-. 
N QJ .j..l HtJ1 .-! 

.j..l C::+l -~ c:: .j..l ..c:s:: 
·~ s:: QltUS:: 5 -~ ·..-!!::: tl·~ 
!:::·~ :::.~:::~ S:::·.-1 ~ 

~ .-! .-! ..c: ..c: rel CJ rel 

8 117 47 1 • 6 202 

8 117 25 0.8 202 

8 117 20.5 0.62 202 

8 117 20.5 0.62 202 

8 117 12.5 0.41 202 

Table 10.4 The relation between the quantity of nitrate 

and the Zength between the peaks. 

Displacer aoetate. 

~ 

~ Ql 
~ ~ Ql ~ rel 
Q) Q) .j..l Q) ·..-! 
.j..l .j.) ~~ .j..l.-i ~ ~ ~ ~ ~ ~ m"-. 

.j..l !:Jt11 .-! 
.j..l Q) ·.-i !::: ..c:c:: 
·~,::: t) !::: ,::: ·.-i -~!::: 0·..-l 
S::·rl Cl:!~ -- S::·~ ---- -- .-! -- .-! 

..c: ..c: rel CJ rel 

8 90 170.5 6.2 202 

8 90 97 3 .1 202 

8 90 50 1 • 6 202 

8 90 25 0.8 202 

8 90 19.5 0.62 202 

8 90 13 0.41 202 
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X.3 INFLUENCE OF THE KIND OF ION USED IN THE SAMPLE ON 

THE DISTANCE BETWEEN THE PEAKS IN THE DISPLACEMENT 

ELECTROPHEROGRAM 

To check if the kind of ion in the sample is relevant, 

we chose sulphate and oxalate and combined it with the 

results if nitrate was used. (table 10.1) The figures 

X.3 and X.4 show some displacement electropherograms of 

these experiments. 

The values are given in the tables 10.5 and 10.6. The 

values given the relation from the tables 10.1, 10.5 and 

10.6 are plotted in fig. X.5. 

Because bath nitrate and sulphate are ions of strong ac

ids bath are fully ionised. These ions give a similar 

relation and one line is fourid. We experienced difficul-

1/160 

sulphate 

time 

1/160 mol 

ulphate 

time 

Fig. X.J Displacement electropherograms of sulphate. 

116 Quickest iorJ is ah lori de, displacer is acetate. 



1/40 mol 
oxalate 

dl 90 mm 

time 

1/200 mol1T 
oxalate 

time 

Fig. X.4 Displacement electropherograms of oxalate. 

Quickest ion is chloride, displacer is benzene

sulphonate. 

ties when using weak acids without buffering the system. 

Figure X.S shows that oxalate does not give the same line 

as nitrate and sulphate. 

The oxalate gives a line which does not depend on the 

displacer applied. To check this besides acetate benzene

sulphonate (BSA) is taken. The values. are given in table 

10.7 and plotted in fig. x.s too. 

If we chose an adequate pH we might possibly find a func

tion which is the same as the one found in the case of 

nitrate dnd sulphate. This means that we must.add a buf

fer to the system. If the sample consists of more weak 117 
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1 
c .,. 

3 

2 

e = sulphate 

nitrate 

ó. • = oxalate 

dl mm 

0 JO 

Fig. X.~ The distance as measured between the peaks in 

thë displacement electropherogram as a function 

of the amount of ion species introduced into 

the capillary tube. 

acids, e.g. oxalate, citrate and tartrate, we do not find 

reproducible electropherograms, because the weak acids 

are influencing each other. Therefore, the experiments 

without a buffer were stopped. 

To check the reproducibility of the method in the case 

of strong electrolytes we should consult fig. X.3 which 

gives a duplicate of sulphate with a concentrationof ~ 60 
mol/1. This means that a sample with a concentration of 

~ 60 mol/1 was introduced into the sample tap in each case. 

This sample tap has the same dimensions in each experim-

118 ent. 



Table 70.5 The reZation between the quantity of ~uZphate 

and the length between the peaks. 

Displacer acetate. 

~ ~ 

~ Q) ~ Q) 

Q) ~ +I Q) 'tl 
+I Q) 111 +I ·.-I 
111 +I 'ä~ 111..-t ~ ~ 
'ä~ ~~ ..C:'-.. 

rl O..tn rl 
rl Q) ::I~ .-I ..c:~ 
::I~ 0 ~ Ul•.-1 ::1 s:: 0·.-1 
!ll•.-1 111·.-1 ._, !ll..-1 ._, 

._, ._, rl ._, rl 
..c: ..c: 'tl u 'tl 

6 90 86 4.8 202 

6 90 71 2.4 202 

6 90 36 1 • 2 202 

6 90 26 0.6 202 

6 90 27 0.6 202 

6 90 14 0.48 202 

6 90 11 0.32 202 

TabZe 10.6 The relation between the quantity of oxalate 

and the length between the peaks. 

Displacer acetate . 

.-. 
~ 

(!) 
~ Q) +I 

~ I 111 Q) ~ 'tl 
+I Q) ·.-I (!) Q) s:: 
~~ 

+lr-I ~~ ~~ 
s:: 0 111'-.. 
Q) ..c: ~ 111 ..-ttn rl NO.. }<:S:: t1l ..c:s:: rtl S::rl 0..-1 }<:~ 0·.-1 

~ s:: (]) ::I ~ ._, 0..-1 ._, 
0·.-1 ..Q Ul .,..; 

rl 
._, rl ._, 

..c: ..c: 'tl u 'tl 

18 90 180 4.4 202 

18 90 89 2.2 202 

18 90 46 1 .1 202 

18 90 22 0.55 202 

18 90 17.8 0.44 202 

18 90 11 0.29 202 
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TabZe 10.7 The ~eZation between the.quantity of oxaZate 

and the Zength between the peaks. 

DispZaaer benzenesuZphonate. 

~ 

(J) ~ 

+l ........ (J) 
........ I ld (J) ~ 'Cl 
(J) (J) ~ +l (J) ·ri . 
+l ~ 0 !l. ~ +l.-i t~ !l~ (J).i:!~ til'-.. 

N 0.. ld ...;Ij> ...; 
lil ~...; x~ m .c:~ 
x~ (J) ::I~ 0..-t xs:: O·ri 
O·ri ..Q al·.-! ~ O·ri ~ 

~ ~ ...; ~ ...; 
.c: .c: 'Cl u 'Cl 

18 117 184 4.4 202 

18 117 90 2.2 202 

18 117 47 1 • 1 202 

18 117 24 o.ss 203 

18 117 18 0.44 202 

18 117 12 0.29 202 



C H A P T E R XI 

SEPARATION OF WEAK ACIDS AND CAT/ONS 

This ahapter shows the possibility of se

parating weak aaids 3 when a buffer-ion is 

used. 

XI.1 INTRODUCTION 

General data of the experiments described below are as 

fellows. The anode is made of silver to prevent oxygen 

to be formed during the experiment. Because chloride is 

present in the anode-compartment, no silver-ions will 

enter into the capillary tube. The anode-campartment is 

gas-tight,but a gas-bubble is present at the top of the 

compartment, and filled with a salution of 0.03 mol/1 

histidine and 0.01 mol/1 HCl. To give this salution the 

desired viscosity 2.2% hydroxyethylcellulose is added 

to it. 

In the capillary tube is introduced a salution contain

ing 2.2% hydroxyethylcellulose, 0.02 mol/1 histidine and 

0.01 mol/1 HCl. Histidine is used as buffer and as posit

ive ion. 

In the sample tap is introduced a salution containing the 

acids to be separated and 2.2% hydroxyethylcellulose. The 

cathode is made of CuO to prevent hydragen to be formed 

during the experiment. The cathode campartment is gas

tight too,but a gas-bubble is present at the top of the 

compartment,and filled with the displacing acid (0.02 

mol/1) 121 



and 2.2% hydroxyethylcellulose. The voltage applied is 

2000 - 10.000 V, the current is 80 ~A. 

XI.2 THE SEPARATION OF SOME MIXTURES OF ACIDS 

Figure XI.1 shows a displacement electropherogram of ni

trate, oxalate and acetate. The displacer was carbonate, 

but the pH was chosen in such a way that bicarbonate was 

in fact the displacer. 

time 

chloride 

2 nitrate 

3 oxalate 

4 acetate 

5 bicarbonate 

Fig. XI.1 Displacement eleatropherogram of a mixture of 

122 a aids. 



Table 11.1 showshow the distance found between two peaks, 

corresponds with the amount of ion species introduced in

to the sample tap. The values are compared with those 

plotted in figure X.S. 

The third column gives the actual amount of ion species 

used in the experiment. 

The fourth column gives the quantity of ion species that 

we would find by using the nitrate-sulphate line from 

fig. x.s. 

The fifth column gives the quantity of ion species for 

oxalate and acetate, which we would find by using the 

oxalate line from fig. X.S. 

The sixth column gives the quantity of ion species for 

oxalate and àcetate, which we would find by using a line 

midway the nitrate-sulphate line and the oxalate line 

from fig. x.s. 

TabZe 77.1 Separation of a mixture of nitrate, oxaZate 

and aaetate. 

For expZanation see text. 

U') U') U') . . . 
:>< :>< :>< . . . 

~ 

.j..) ~ 
0> 0> 0> 

r::: +l'U 
~·rol ~·.-i ~·.-i 
+lll-l +ll.!-l .j..)l.!-l (j) c (i) c r::: r::: .j..) 

&~ 
(j) u (j) c: (j) c: (i) c: r::: r::: ::l C·.-l r::: ·rol C·.-1 (j) 0'0.-1 0 .-I 0 .-I 0 .-I r::: E 0..0' 0..'0' 0..'0' 0..'0' 0 or::: !:!~0> Elcö> EC:tl' Ecö> 0.. U·ri O+l 0 ::l O::J 0 ::l E ~ u r::: c u 0 c: uoc u 0 c 0 .-I -·M·rool --11-l ·rol ~1.1-l-.-j --11-l ·.-! u 'Ó u u u u 

Nitrate 30 1 • 0 1 . 0 

Oxalate 27 0.74 0.63 0.87 0.75 

Acetate 35 1.0 0.87 1 • 2 1 • 0 
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The table shows that in a buffered system we find a new 

relation for the weak acids and by chosing the adequate 

pH we will find one line for all ions. Experiments done 

with tartrate and malonate are showing this more clearly. 

Figures XI.2 and XI.3 show the separation of mixtures of 

acids with B-naphthoguinonesulphate respectively bicar

bonate as a displacer. The values from these electropher

ograms are given in the tables 11.2 and 11.3. The ex

planation of the columns is as fellows. 

chloride 

2 sulphate 0.4 g/1 

3 nitrate 0.25 g/1 

4 oxalate 0.5 g/1 

5 forma te 0.25 g/1 

6 = phosphate 0.7 g/1 

7 = benzoate 0.2 g/1 

8 B-NQS 

Tl 

time 

Fig. XI.2 Diaplaaement eleatropherogram of a mixture of 

124 aaida. 



I chloride 

2 nitrate 0.8 g/1 

3 = oxalate o.s g/1 

4 formate o.s g/1 

5 tart ra te 0.2 g/1 

6 acetate 1.0 g/1 

7 = glutamate 0.3 g/1 

8 bicarbonate 

8 

time 

Fig. XI.3 Displacement eleatrophePogram of a mixture of 

aaids. 

The first column gives the components from the sample. 

The second column gives the length between two peaks 

from the displacement electropherogram. 

The third column gives the quantity of the ion species in 

the sample solution, which salution is 

introduced in. the tap. 

The fourth column gives the quantity found from fig. X.S. 

(The nitrate-sulphate line) 

The fifth column gives the quantity found from fig. X.5. 

(The line midway the nitrate-sulphate 

and the oxalate line) 125 



Table 11.2 Separation of a mixture of acids. 

For explanation aee text. 

L() L() . . 
x x . . 

~ t:l'l t:l'l 
.j.) ~ ~-,..j ~·ri 
s:: +>rel +.14-1 +.14-1 
(]) s:: (]) s:: s:: 

.j.) 1:: (]) u Q) s:: (J) 1::: 
1::: 8J c ~ c·.-l c ·ri 
Q) 0'0.-l 0 ...... 0 ...... 
c s o..o-...... o..ro-...... o..ro-...... 
0 0 c:: Sl-lt:l'l §§tl'l S>::t:l'l 
0.. U·ri 0+.1 0 ~ s- -: u r::: r::: u 0 r::: u 0 r::: 
0 ...... ~-.-l·.-i ~4-1-.-l ...... lH ·.-i 
u ro CJ CJ CJ 

sulphate 13 0.4 0.4 

nitrate 8 0.25 0.25 

oxalate 20 0.5 0.5 

forma te 4 0.25 0.25 

phosphate 25 0.5 0.6 

benzoate 3 0.25 0.2 

Table 11.3 Separation of a mixture of aaid.a. 

For explanation see text. 

L() L() . . 
x x . . 

~ t:l'l t:l'l 
.j.) ...... 

-- ·ri ~·.-i 
r::: +.1'0 +.14-1 .j.)<i-1 
Q) c:: (lJ 1:: c:: 

.j.) §.§ (]) u (]) é Q)é 
é é ~ S::..-1 S::·.-l 
(lJ 0'0.-l 0 ...... 0 ...... 
é s o.o-...... o..ro-...... o..ro-...... 
0 0 r::: J:il-lt:l'l Sétl'l §§tl'l 
~ U·.-l 0+.1 0 ::I 

~ u c t: u 0 r::: u os:: 
0 ...... ~..-1·.-l ...... lH ..-! .....lH ·ri 
u '0 CJ CJ CJ 

nitrate 26 0.8 0.8 

oxalate 20 0.5 0.5 

forma te 23 0.5 0.6 

tartrate 7.5 0.25 0.2 

acetate 36.5 1.0 1.0 
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By using e.g. histidine as a buffer it is possible to 

separate weak acids. The line giving the relation between 

the quantity of ion species and the length between the 

peaks in the displacement electropherogram is not the 

same as the one found for the strong electrolytes. In 

spite of this it will be possible in this stage from an 

electropherogram to give approximate values for the ion 

species in the sample. 

The right buffer to work with is not yet found, but if 

we can buffer the system adequately it will be possible 

to give more exactly data for the weak acids as well as 

we can give it for the strong electrolytes. 

XI.3 THE SEPARATION OF FRUIT-JUICES 

Fruit-juice was used as sample. The natura! JU1Ce was 

four times diluted because it was too highly concentrat

ed for use. 

The analysis of apple-juice is shown in fig. XI.4. 

To check the different kinds of components in the juice 

an experiment as shown in fig. xr.S was made. A mixture 

of the expected acids was used as sample and introduced 

in the sample-tap. The heights formed from this experim

ent were checked with those found in the experiment with 

the natura! juice. To find out what other components 

were present in the juice the method described below 

also was used. 

If we expected that a certain ion was present, we added 

a known amount of that ion species to the natura! juice. 

If in the electropherogram a new peak appears, the added 

ion was not present in the original mixture. Of course 

we added not so much that a mixed peak could be a new 

pe·ak in the electropherogram. If the ion added was pres

ent in the original mixture, the electropherogram showed 127 



apple-juice 

T 

time 

Fig. XI.4 Displaaement eleatropherogram of apple juiae, 

in 25% dilution. The quiakest ion is ahloride. 

The displaaer is biaarbonate. 

the sarne number of peaks with a greater interval betweèn 

two of them. We might conclude then that the ion added 

was also present in the original mixture. 

Using this method in the experiment with apple-juice we 

found the presence of: oxalic acid, malonic acid, citric 

acid and phosphate. No attempts were made to determine 

the presence of ether acids. To check the reproducibility 

128 of the method orange-juice was used. The electrophero-



l 'chloride 

2 nitrate 0.6 g/1 

3 oxalate 0.4 g/1 

4 malonate 3.2 g/1 

5 citrate 0.6 g/1 

6 acetate l • 0 g/1 

7 = bicarbonate 

'1 
4 

Fig. XI.5 DiepZaaement eZeatropherogram of a mi~ture of 

aaide, present in appZe juiae. 

grams are given in fig. XI.6. This figure shows that the 

reproducibility is good enough to work with. 

By the same methad as in the experiments with apple-juice 

some acids from the orange-juice were determined. Roughly, 

the mixture was found to consist of citric acid (70%), 

malonic (5%), lactic (3%), phosphate {2%) and galactur

amic (2%). We could conclude from the lengthof the chlor

ide zone that chloride was present in the original mix

ture. Further there wa~ some sulphate and oxalate. 

No experiments were made to determine the presence of 

other acids. We can mention here that when using conser-

vated orange-juice we saw the presence of benzoate. U9 



time time 

Fig. XI.6 DupZiaate of orange juiae in 25% diZution. The 

quiakest ion is ahZoride. The disp~aaer is bi

aarbonate. 

XI.4 DETERMINATION OF THE MINIMAL AMOUNT TO WORK WITH 

Figure XI.7 shows three electropherograms of the same 

mixture of acids. The displacer was bicarbonate. Figure 

XI.7~ shows the electropherogram from the mixture 0.01 

mol/1 nitrate, 0.01 mol/1 oxalate, 0.01 mol/1 tartrate, 

0.01 mol/1 acetate and 0.01 mol/1 glutamate. 

Figure XI.7~ shows the samemixture twice diluted. Fig-

130 ure XI. 71 shows the same mixture three times diluted. 



From figure XI.7!. we take the distance between the first 

two peaks. This distance is easy to measure. Because the 

volume of the sample tap is 3.10-51 and the concentratien 

of nitrate is 1/400 mol, the amount of nitrate is aprox

imately 5 ~g. By using a thinner capillary tUbe it will 

be possible to use less. 

1 2 3 

Fig. XI.? Displacement electPophePogPams of the same 

mixture of aaide in decPeasing conaentPations. 

The quickest ion is chloride, the displacer 

ie bicarbonate. Por explanation eee text. 131 



XI.S ZONES CONSISTING OF THE NON-SEPARATED IONS 

In section IX.S we stated that it was possible for an 

electropherogram to show mixed steps respectively mixed 

peaks, because there was no steady state in the tube. We 

will only give here a displacement electropherogram show

ing mixed steps respectively peaks (fig. XI.B). In 

XI.8 2~ is the mixed zone of nitrate and oxalate and 3~ 
is the mixed zone of oxalate and tartrate. Fig. XI.9 

shows a displacement electropherogram from the same 

sample registered on the end of the tube. (Fig. XI.8 is 

chloride 0.01 mol 

2 nitrate 0.01 mol 

3 oxalate 0.01 mol 

4 .. tartrate 0.01 mol 

5 - citrate 0. 0 I mol 

6 acetate 0.01 mol 

7 glutamate 0.02 mol 

Tl 
8 .. bicarbonate 

2A and 3A are "mixed" zones 

time 

Fig. XI.B Displacement electropherogram of a mixture of 

weak acids~ showing "mixed" peaks respectively 

132 steps. 



The same sample as used in fig. XI.8. 

8 7 

time 

Fig. XI.9 Displacement electropherogram of the same mi~

ture as shown in fig. XI.?, without "mixed" 

peaks. This record is obtained from the second 

set of thermocouples around the tube, nearer 

to the anode. 

registered midway the tube) Fig. XI.9 shows clearly that 

the mixed steps respectively mixed peaks have disappeared. 

Because other thermocouples were used and the amplificat

ion was not the same, the heights of the two electropher-
ograms do not correspond exactly. 133 
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XI.6 THE SEPARATION OF CATIONS 

Fig. XI.10 shows a displacement electropherogram of the 

separation of some cations . The conditions for this ex

periment were as follows. 

The anode was made of silver. To prevent that silverions 

entered into the capillary tube in all campartment chlor

ide was used as anion . The anode cernpartment contained 

a 2% solution of hydroxyethylcellulose and the displacer 

tris-hydroxyethyl-amino-methane. 

f"'' t-' I)) .., 
'1 ..... 0 0 ..... .... p. f"'' 

"' ::r .... 11> ..... ;::: "' T ;::: s fJl 

s !-'• 
;::: 
El 

time 

Fig. XI.10 Displacement eleatropherogram of a mixture 

of aat-ions. Potassium is the quiakest ion, 

trishydroxyethylamino-methane is the dis

placer. 



The sample tap, in this case connected to the anode com

partment, contained a solution of 0.01 mol(l sodiumchlor

ide and 0.01 mol/1 lithiumchloride. The capillary tube 

is filled with a 2% solution of hydroxyethylcellulose and 

0.01 mol/1 potassiumchloride. The catbode is made of cop

per. The catbode cernpartment contains a 2% solution of 

hydroxyethylcellulose and 0.01 mol/1 potassiumchloride. 

The current was 80 ~A. Fig. XI.10 shows clearly that it 

is easy to separate cations • 
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SAMENVATTING 

In dit proefsch~ft wordt een nieuwe analysemethode ge

introduceerd, die berust op het verdringingsprincipe. De 

stoffen, die geanalyseerd kunnen worden, moeten ionogeen 

zijn; het streven is, in een later stadium, proteïnen te 

scheiden. 

Hoofdstuk I geeft een overzicht van enkele bestaande 

technieken, die vermeld zijn om het mogelijk te maken de 

juiste plaats vast te stellen voor de gebrachte methode. 

Hoofdstuk II beschrijft het principe van de methode en 

de proefopzet. Het begrip mobiliteit wordt nader bespro

ken. 

Hoofdstuk III beschrijft waarom en hoe de concentraties 

van de ionen in het systeem veranderen en wat verwacht 

mag worden ten aanzien van de breedte van het concentra

tiefront tussen twee opeenvolgende zones. 

Hoofdstuk IV beschrijft de pH, zoals die zich in het sys

teem instelt en geeft enkele berekeningen voor pH-ver

anderingen. 

Hpofdstuk V beschrijft de temperatuurprofielen van de 

fronten. Enkele profielen zijn berekend en vergeleken 

met de experimenteel gevonden profielen, aangezien het 

detecteren van de fronten langs thermische weg geschiedt. 

Hoofdstuk VI haakt in op hoofdstuk V en geeft een over

zicht van de thermokoppels, zoals ze voor deze methode 

gemaakt worden en hoe ze gebruikt moeten worden. 137 
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Hoofdstuk VII beschrijft enkele electrakinetische ver

schijnselen en enkele polymeren, zoals ze successieve

lijk gebruikt werden om de electroëndosmose te onder

drukken. 

Hoofdstuk VIII beschrijft enkele bronnen voor foutieve 

metingen en verklaart dat electropherogrammen, zoals ze 

in deze dissertatie gepresenteerd worden, soms moeilijk 

te interpreteren signalen bevatten. 

Hoofdstuk IX beschrijft het verband tussen de hoeveel

heid van een component, aanwezig in het monster, en de 

lengte tussen de correlerende pieken in het electrophero

gram. Het gebruikte polymeer,om de electroëndosmose te 

onderdrukken, is arrowroot. Een nieuwe bron voor foutieve 

metingen wordt vermeld, de zogenaamde "mengpieken". 

Hoofdstuk X beschrijft hetzelfde verband als hoofdstuk 

IX, met dit ve.rschil dat hier andere electrolyten als 

monster worden gebruikt en als polymeer hydroxyethyl

cellulose is genomen. 

Hoofdstuk XI beschrijft enkele analyses van zuren in een 

gebufferd systeem, geeft de minimale hoeveelheid compo

nent, die te bepalen is met het beschreven apparaat, 

weer en beschrijft een analyse van metaalionen. 
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