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SUMMARY. 

The formulae needed for computations on, buffered systetis are given. Using 
these formulae, a computer program was evaluated and calculations were correlated 
with the results of some experiments. 

The possibility of the simultaneous separation of cations depends on the dif- 
ferences between the effective mobilities, which can be affected by the choice of $3, 
counter-ion and solvent. 

The qualitative simultaneous separation of cations was studied in eight electro- 
lyte systems using methanol and water as solvents. In each system, simultaneous 
separations of 7-10 cations were possible, which could be increased by combining 
electrolyte systems. 

INTRODUCTION 

Several techniques are available for the quantitative and qualitative analyses 
of ions, and each has its own disadvantages and limitations. Because of mutual inter- 
actions of the ions, simultaneous separations are sometimes troublesome. Great 
differences in concentrations may be a source of difficulties, and sometimes compli- 
cated pre-treatments are necessary. 

Isotachophoresis is a technique with many advantages in comparison with other 
well known techniques. Simultaneous separations of ions are possiblel-3, but until 
now the possibilities of analysing ions have not been fully studied. In forthcoming 
papers we shall describe, some results of experiments carried out on the qualitative 
and. quantitative separations of cations and anions, including the theory and some 
phenomena characteristic of the systems chosen. 

a 

The theory of buffered systems and some qualitative aspects of the separation 
of cations are discussed in this paper, and some operational systems are presented. 

The principle of this technique is that ionogenic compounds from the sample 
are separated in consecutive zones,, which are ordered according to the effective 
mobilities of the ionic species in these zones. The concentrations are adjusted to the 
concentration of the leading electrolyte chosen, The effective mobility of the leading 
ion is larger than any of the sample ions. The velocities of all the zones are equal and 
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208 J. L. BECKERS, F. M. EVERAERTS 

constant if a stabiliscd current is applied. The last zone is formed by the terminator, 
the effective mobility of which is lower than that of any of the sample ions. 

TWEORETICRL 

The ability to separate ions by electrophoretic techniques depends on dif- 
ferences between the effective mobilities, and therefore features that influence the 
mobility are important. Some of these are discussed here. 

The absolute mobility is proportional to the equivalent conductance at zero 
concentration : 

The effective mobility is correlated with the absolute mobihty. 
The most important phenomena that influence the effective mobility are: 

relaxation and electrophoretic effects ; partial dissociation ; and solvation. 

Xelnmtiom am? electro~horetic cQccts 

ONSAGER derived for the relaxation and electrophoretic effects” the following 
expression : 

A* =A.;:- a*Jc*(ln+ 1 -i- In-l) (2) 

where : 

a* = o.g85* 106. 2q 

ww 
I + Jq*(ln+l’ln-l>A~ -I- 2g(;;;)y-l) 

0 

In+ I l In- I A,* + A,- 
’ = In”l -I- In’l l In+ I& -I- In’lA,* 

For methanol as solvent: 

a* = 1.15. 
w 

I$-& 
* In’ *n-I/i: -t- 55.3(ln’I + In-l) (at 25OC) 

(3) 

(4) 

(5) 

For water as solvent: 

a” = 0.274’ w 
1-c-&l 

’ Id- l n-l& + 21.14(112+1 -I- Irz-1) (at 25OC) (6) 

To compare the effects in different solvents of different charges on the cations, 
we calculated the effective mobility according to this expression for monovalent and 
divalent cations in water and methanol, from hypothetical absolute mobility of 
50 l x0-6, at a concentration of 0.0~ A’. The results are shown in Table I. 

These effects are even greater for smaller dielectric constants and for cations 
with higher charges. 
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TABLE I 

COMPUTED EFPECTIVE MOBILI’KES OB MONOVALENT AND DIVALENT CATIONS IN WATJ%R AND 

MBTI-IANOL 

W&?Y Melhnnol 

wag 9 106 l.lZ,ff'-rO" vn,*.ro~ ?Itflff:IOfi 

I-I 50 46 50 37-s 
2-I 50 43 50 25 

Partial dissocialion 
If the dissociation is complete, the effec,tive mobility is equal to the absolute 

mobility, neglecting the influences of other effects. If substances are partially dis- 
sociated, the effective mobility can be defined as: 

II 

'Wcff = c %mZ (7) i=i 
Two main types of dissociation can be distinguished, protonic dissociation and 

complex formation. 
Pyotonic dissocintion. A proton takes part in the dissociation reaction. The 

degree of dissociation clepencls on the pH and the equilibrium constant, e.g.: 

CN~COOH + w’ -I- CH&OO - (8) 

K = CI-I l CCHJCOO 
(PK = 4975) , 

ccI~I$2ooH 
(9) 

Conz~Zex fomzntion. Now a particle other than a proton takes part in the dis- 
sociation reaction, e.g. : 

Pb(CH3C00)2 -3r Pb(CH&OO)+ -I- CH&OO- (IO) 

The degree of complex formation depends mainly on the partial concentrations. 
Sometimes, however, both types affect the mobility, such as the cation A13+: 

AI(M20):” + AI (H,O),2 + -k H + (I 17 

Al(CH,COO) J +Al(CH,COO)j- -I- CH3COO- (12*) - 

If the value of the dielectric constant decreases, the inter-ionic forces increase. 
This results, especially for cations with higher charges, in a stronger complex for- 
mation and the pK values of the dissociations depend on the dielectric constant. 

Salvation 
To describe the exact effect of the solvation is difficult. In general, cations 

with large radii and low charges have a small clegree of solvation, whereas highly 
charged cations and cations with small raclii have a large clegree of solvation. In 
general, cations with a large clegree of solvatiori have small mobilities. 

’ Not: all the steps of tlzcsc tlissocirctions arc given luxc. 
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210 J. L. BBCKERS, F. M. EVERAERTS 

In water and in methanol, the mobilitics of the alkali metal ions decrease in 
the sequence Cs>Rb>I<>Na>Li, i.e. in the order of their decreasing radii. The 
differences between the mobilities, however, seem to be favoured in methanol. In 
water, Cs, Rb and I< ions are very difficult to separate, while in methanol the dif- 
ferences in mobility are such that these cations can be separated easily. Also, the 
mobilities of Ba, E;r, Ca and Mg ions diminish in the order of their decreasing radii. 

Organic cations often have high mobilities in methanol. Even the large cation 
Tba has a rather high mobility, about the same as that of the very small cation Li. 
This indicates that the Tba ion is hardly solvaled, probably due to the screening 
effect of the groups surrounding the charge. In water, however, the Tba ion has a 
rather low mobility. The cation Tma has the highest mobility in methanol, except 
for H+. 

EVERAERTS AND ROUTS” described a theory of buffered systems for the sepa- 
ration of anions in isotachophoresis, The results of the computations agreed with 
the experimental results. However, they did not take into account the effects ac- 
cording to the ONSAGER expression and no corrections were made for the tempcra- 
ture, which differs from zone lo zone. 

For the derivation of the formulae needed for computations in buffered systems, 
the following assumptions are made: the electrical current is constant ; the diffusion, 
hydrostatic Row and electroendosmosis are negligible; the cross-section of the capil- 
lary is constant ; the activity coefficients on the concentrations are negligible ; and the 
influence of the temperature on the relaxation and electrophoretic effects is negli- 
gible. 

For the computations, the following equations have to be considered: the 
equilibrium equations ; the isot;achophoretical conditions; the mass balance of the 
buffer; the principle of electroneutrality; and the modified Ohm’s law. 

tonic 
We took iito account the possible need for corrections for temperature, pro- 
dissociations, relaxations and electrophoretic effects. 
Tlce sqzciZ$rz’ti~n epcations. If we consider : 

(13) 

(14) 

the following equilibrium constants are valid: 

K B.1 = 
cH l cB.l 

cB,f- 1 

KP.I = 
Cl4 l CP,l- 1 

CP,i 

Therefore, 

C&l = &.I l %,I - 1 /CH 

CP.1 = CH l CPJ- 1lKP.I 
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Substituting the expressions for c~,t_~ and cp,~~ etc., up to CB,O and cp,0 in 
eqns. 17 and 18: 

for 

j=i 

r; . K&j 
Ml= 

J=l 

Ci.1 

and 

W= f 
ctr 

n %i 
J=i 

these expressions will 

cB,i = %,o’Mi 

CP,i = CP,O% 

(19) 

(20) 

be: 

(21) 

(22) 

The total concentrations of the buffer and the cation. present are: 

c:, = CD,0 [I fZl (i$*j] =CR.O(I+~lMi) 

(24) 

Isotacho~lzoreticnl co&&‘o?z. All the zones move with the same speed, qld there- 
fore : 

Eu*mPU=EV~mpV (25) 

where ~zpu and DIZPV are the effective mobilities of the cation species in zones U and V, 
respectively. 

The effective mobility of an ion species can be defined as: 

1. ChYOMZtOgY,. G8 (1972) 207-230 



212 
J. J.. BECKERS, P. M. EVERAERTS 

This means : 

W-U 

ix CPU.l’~PU.I >i 
PIPU IIPU 

mpu = CL” = c NJiwxJ.i /( 1-k CN,, 
i=i i=l l=i > 

W3U >i W3U llI3U 

tnnu = XC lKdnBU~i CL” = E: wJl%J*i I A- c M”, 

I=1 i=l i=l > 

(27) 

(28) 

The 312ass bahtce of lhe bzsl”/er. For the mass balance of the buffer, we can write: 

Ed%.& -I- mw%_J = Ev(w+& -t- anon&) (29) 

In combination with eqn. 25 : 

(30) 

In the steady state, the quantity of the buffer entering a zone is equal to the 
quantity leaving the zone. 

Electrotiewtrality. For electroneutrality, we can write: 

W3U RPU 

COMU -I- Jr iC_olJ,l = CllU + c iCPU,I 
111 I=1 

or: 
W.lU llPU 

c iA4Ul C iNui 

eoHu -I- 4”’ 
I=1 i=1 

IlllU 
= CI.IU -t- c&J* 

wu 

I + c M”i I-l- c Nu, 
i=l I=1 

(30 

(32) 

Modified O&z’s Zazet. For an equal current density: 

I/K = Constant = Z&AU (33) 

Therefore : 

(34) 

zone, 
Assuming in the right-hand term of ecln. 34, Q1 and Qu for the first and Uth 
respectively, the function : 

QU = (QrIQd - 1 

must be zero. 

(35) 

With the given formulae a computer program can be developed and if the 
composition of the first zone, all pK values and mobilities of the ion species present 
are known, all quantities can be computed. The procedure of computation is given 
below. 
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Assuming a certain pHV in the following zones, Ml, Ni, ~lzpv and gq3v can be 
directly computed, Next, ctpv and c& can be computed using eqns. 30 and 32, 

Substituting all quantities in eqn. 35, the valne of QU at this pHV is obtained 
and for the correct #IV value this function must be zero. 

The relationship between the function QU and’ PI-IV is shown in Fig. ~a for the 
system chosen. Where Fig. ~a shows two zero-p’oints, the second zero-value is the 
correct one (at the incorrect zero-point, negative concentrations are obtained), 

In the computer program, one searches for 8 PI-IV value, starting from PI-IL, 
at which QU is positive, and ne.<t for a pHV value at which QU is negative. The 
correct pHV value is obtained by iterating between these two values until the function 
QU is zero, within a certain deviation. This procedure is shown in Fig. zb. 

For the correct pH value, all relevant quantities arc. computed and printed, 
An example of,the output is shown in Fig. IC. The computations were made with a 
time-sharing Honeywell-Bull computer, and the language used was FORTRAN 4, 

Computations were made for the cations 13a2+, Ca2+, Mg2+, Fez+, I<+, Rg+ and 
Nab. These cations were chosen because the slope of the function A*O = f(dc*) 
agreed with the expected slope derived from the ONSAGER relationship. If other 
influences that affect the mobility are present, the decreasing effect should be greater 
and computations will be impossible, because our computer program does not 
deal with complex formation. 

For the above cations, the electrical resistance and the other quantities were 
computed [see Table II, (a)), In Fig. 2a these resistances are plotted as a function 
of the step-heights measured. Although one must expect one continuous relation- 
ship, two distinguishable curves are obtained, one for the monovalent and one for 
the divalent cations, This can be ascribed to the influence of the difference in tem- 
perature between the zones and the effects according to the ONSAGER relationship. 

The results of the calculations, including these effects, are given in Table II, (b) 

RESULTS OF SOME CALCULATIONS CI’ITII AND WITIIOUT CORRECTIONS 

Cation Calcaclated valws 

(a.) IVithout covvcctio*as (b) lC’it11. tcnljwvatitn7 (c) tvith convections fOJ 

CoYYcciion 21~ tentjberatacw and 
Onsagar cffcccts 

_.__-_.- 

f/n* 103 pril Colacn. f/A*ro" fir-r COJWtt. l/;1* IO” p/j CO~?W!l. 

0.874 5.390 0,0100 0,828 5,390 0.0100 0.8930 5.390 0.0100 
1.029 5.362 0.009,~ o.gGG 5.300 0.0094 J.04.4.0 5.3G2 0.0094 
1.272 5.321 0.0086 1.183 5,320 0.008G 1.2825 5.320 0,0086 

I.O.13 5.365 0.006~8 0.950 5.365 0.0048 1.1f52 5.3G4 0.0048 

I.077 5.354 0.004G 1.000 5.354 0.0040 r.1818 5.353 0.0046 

I.210 5*33x 0,0044 1.122 5.331 0.0044 7.32 J5 5.33.1 0.004.~ 

I.188 5.335 0.0045 1.102 5*335 0.0045 1.29Gg 5.334 0*0045 

J. Clrronmlogv., 68 (Jg7z) 207-230 
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Fig. I 

‘I 
(a) II 

I’ 
I ’ 
I ’ 
I 
I I 
I ’ 

’ .’ 
WrORg 

Xbfo pornt 
.\; li// ygh’ xefo pain, 

I , \ 70 

. Relationship bctwcen QU and pHV for the system chosen. 
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Fig. xb. Procedure of iteration of the computer program USC& 
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PI-IL = 5.00 
0.01 
0.0156 

Stofzonc = I 
4.97 18 
o.oog4 
o.or5 
1.0265) 

Stofzonc = 2 
4.9308 
0.0086 
a.0142 
x.2695) 

output: PI-IV 

ctr 

ctn 

Resistnnco 
of the zone 

r.oooooE-I3 0.01 

0.0056 0.01 

z.G0770E-08 Gz.36 
S.80030E-14 o.oog4 
0.0~56 o.oog4. 

7.8231 rE-08 50.43 
7,30952%-14 0.0086 ’ 

0.0057 0.0086 

Deviation PI-IV 

CP,O CP.1 

CD,0 CAlJ,I 

0.00 

0.00 

0.00 

o.co 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

nm 
CP,2 CP ;3 

ca,2 Gn,3 

Fig. IC. Example of the output 0E the computer program. 

A 

Fig. 2. Relationship 
some cations found 

(2e) WJ) (24 

bctwccn the rcsistnnces of the zones as cnlculatecl nncl tho stop hci&ts of 
cxpcrimcntally. 

and (c), while Fig. 2, (b) and (c), shows the relationships between the computed 
resistances and the step heights measured. 

From these results it can be concludecl that for relative computations the 
influence of the tomperature is not important, but corrections to allow for the ON- 
SAGER relationship are necessary. 

Although corrections to allow for complex formation will be necessary, these 
arc rather difficult to make, as the pK values of the equilibria and the mobilities of 
the complexes are not always known. 

EXPERIMENTAL 

The csperiments were carried out with an instrument that has been described 
elsewhere”. The sample was introduced by a four-way sample tap. A constant direct 

J. Clrvomalo~v., 68 (1g72) 207-230 
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current power source with a maximum potential of 20 kV was used. 
Micrograph BD 5 recorder (Kipp pi Zonen) , which is especially useful 
automatic zero suppression module. 

217 

We used the 
because of its 

The effective mobilities of some cations were sometimes very low. The increment 
in electrical resistance during the analyses, due to the movement of the zones with 
small conductivities, required tllc use of higher potentials than were available. In 
this paper, the term “too slow” is used for these cations. 

Sometimes, the length of the capillary was too short for complete separation 
of the cations. Sometimes also, the zones. although separated, cannot be detected 
because the resolving power of the thermometric detector is too small to detect small 
lengths of zones or small differences in temperature between two zones. In these 
instances the term “not separated” is used in this paper. 

The sample tap volume (about 20 ~1) is rather large and corresponds to the 
contents of about a I4-cm length of the capillary tube. 

If the concentrations of the sample ions are chosen to be too high, complete sepa- 
ration, according to the isotachophoretical principle, cannot be expected. 

The average time for analyses was about 45 min. 

E,?c;heri?lzents 
. 

The effective mobilities of cations can easily be influenced. Sometimes this 
can be an advantage, especially if the cations have the same or almost the same 
effective mobilities in an electrolyte system and cannot be separated because of this 
factor. By changing the system, it may be possible to separate such cations. 

The use of different solvents* or other buffers** allows numerous possibilities. 
To investigate some of these possibilities, experiments in both water and methanol 
were carried out, using buffered and non-buffered systems. The conditions of these 
systems are summarized in Table III. 

Detailed description of these systems are given later. In Tables IV and V the 
step heights * ** found in the electropherograms of the experiments in water and 
methanol, respectively, are given. 

For some systems, a scheme can be given to show which series of cations can 
be separated simultaneously. The interpretation is as follows. Ions placed in one 
circle and ions placecl in circles directly connected by lines, cannot be separated 
simultaneously, e.g., in Fig, 3 (system WEICl), Ba2+ and Pb2+ cannot be separated 
because they are placed in the same circle, and Ca2+ and A13+ cannot be separated 
because they are connected directly by a line, whereas Ba2+ and A13+ can be 
sep,arated because they are not directly connected by a line. If 13a2+, Ca2+ and A13+ 
are present, they form a mixed zone together. J’i + ancl Tea+ can be separated because 
they are not connected by a line. 

AQUEOVS SYSTEbIS 

The leading electrolyte used is EICl in water, and Tris in water is used as the 
terminator. Many mono-, cli- and trivalent ions llave about the same step heights. 
--- 

l ‘l~hc influcncc of the diclcctric constant: ant1 salvation. 
* * Tlic chnngc of ~1-1 and tllc inllucncc of complex formation. 

’ * * I%2 stop licight in nn iSOt~ChOpllc~~~~i~~l is iI ~,ui~litativc mCiwI1rC for the ion spccics, wlwrc 
the clistnncc bctwccn two succcssivc pcalcs gives nll ncccssary quantitittivc information. 

J. ChYOMtO~Y., 68 (1972) 207-230 
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TABLE IV 

STEP IIELGNTS (IllIll) OF THE CATIONS FOR THE AQUEOUS SYSTEMS 

lVNC1 WIJIO, WIr’AC , WKCAC WKDI% 

I-I+ 
ICf 
Nil+. 
Li+ 
NH,&-’ 
Ag” 
Tl+ 
Tma+ 
Tea+ 
Tbs+ 
Tris+ 
Im+ 
cs+ 
Rb+ 
Guant- 
S.C.-+ 
Co”+- 
Ni%t 
l&l@+ 
cua+ 
CZZLa+ 
i&In”+ 
cc13+ 
Fe2’ 

Sn”+ 
Pb2+ 
Rag+ 
%n2+ 
l?e3+ 
Las+ 
c&I+ 
c13+ 
Al”-’ 

GO 

216 
292 

352 
215 
- 

217 
302 
4oo 
too slow 
434 
306 
20s 

2x3 
285 
324 
290 
291 
294 
290 
2G6 
285 
3IS 
294 
248-270 
250 
255 
294 
too slow 
241 
246 
312” 
272 

72 
290 
4oo 
492 
292 
- 

295 
437 
560 
1-00 slow 
625 
4x2 

- 
220 

302 
37s 
220 

260 
- 

340 430 
432 540 
too slow 808 
490 610 
310 432’ 

391 294 
450 343 
416 3IS 
415 3IS 
4oS 3 J 4. 
404 357 
372 284 
412 320 
429 341 
410 312 
- I 2 7 0 ‘.’ 
too slow 371 
352 264 
404 320 
too slow I 128” 

366 322 
368 325 
49s 390 
3So 360 

- 
280 

384 
476 
2s2 

338 
- 

372 
434 
407 
403 
396 
442 
362 
420 

% 
too slow 
486 
338 
415 
too slow 
402 
4IG 
too slow 
too slow 

- 

300 
410 
so4 
303 
too slow 
- 

442 
56S 
- 
6YO 

551 

399 
477 
- 
too slow 
430 
too slow 
3SS 
440 
too slow 
too slow 
- 
too slow 
368 
too slow 
too slow 
634 
834 
too slow 
- 

Q Double step. 
b Estimated value from an cxpcrimcnt at lower current density. 
0 The step height for imidazolc at pJ-I G.53 is 472. 

Fig. 3. Simultaneous separation of cations in the system WI-ICI. 

Their effective mobilitics are nearly equal, so that separations are impossible with the 
apparatus available. 

Ions can be separated if they differ in step height by, about 20 mrq in this 
system (Table IV). 

J. CkvOrMUlOgY., 68 (1972) 207-230 
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STEP I-IEIGI-ITS (IllIIl) OF THE CATIONS FOIL TI-IE METEIANOLIC SYSTI$MS 

Cation 

system 

MHCl MKA c MXMAAC Cation 

System 

MIJCJ MKA C MXMAAC 

E-1+ =24 
I<-+- IQ5 
Na+ 222 
Li+ 257 
lib’. 180 

Cs” .l.m 

w+ 
NI-I,+ T-;Q 
Tris+ 292 
Tl+ 
Tma+ Y& 
Tcs+ 1. 70 

T&t-+ 265 
Guan” 192 
s.c.+ 2OQ 
Im+ 176 

195 
23“ 

+ 270 
- 

1031 

321 
218 

151 
177 
ZGO 

203 
191 
599 

- 

198 
230 
ZGO 
188 

173 
- l 

193 
317 
- 

150 
186 

250 
198 
r8g 
- 

NW- 
Mg2+- 
z112+ 
Pb2+ 
1kL2+ 
Ca2’ 
Ccl”” 
co= 
CU2’ 
Mn”“- 
Fe2-k 
]~&J-k 

A13’ 
CY+ 
cc?+ 
LZL3+ 

ZGZ 

240 
too slow 
too slow 

332 
241 
Gzt3 

272 
383 
296 

3QO 
340 
256 
2QO 
310 
330 

510 
397 
8.21 

946 
335 
425 

JO25 
497 

too slow 

483 
too slow 
too dew 
too Blow 
too slow 
too slow 
too slow 

560 
436 
960 
1080 

350 
456 
- 

540 
- 

52“ 
- 
- 
- 
- 
- 
- 

Separations of mixtures containing cations with low pK values are dificult; 
this will be explained in a later paper. 

Fig. 3 shows which cations can be separated simultaneously in this system. 
Fig. 4 shows the electropherogram for the separation of a mixture consisting of Tl+, 
La3-+, Gas+-, Fez-‘- Ccl2+ and Li-‘-. I-I-’ is the leading ion and Tris+ the terminating ion. 

In this system, the leading electrolyte is NIOn in water and the buffering 
effect is small. The sequence of the step heights of the cations is similar to the sequence 
in the system WI-ICI. 

The most important shifts* in step heights are those of Cr3+, Ce”+ and Las+. 
The I?b2+ ion does not migrate noticeably. 

The system WKAC 
The leading electrolyte is a solution of potassium acetate in water, adjusted 

to pEI 5.35) by adding acetic acid. This pII is chosen because in the following zones 
the pEI of the zone clecreases almost to the plC value of acetic acid, producing a 
maximum buffering effect. 

The differences in step heights of the cations, for complete separation, must be 
about 20 mm in this system. 

Pig, 5 shows which ions can be separated simultaneously. 
Comparing the step heights in this system with those of the other systems, 

some shifts in the step heights must be explained. 
The most important ones are those of Pbs+, Ce3+, La3+, A13* and Cr3+, which 

* !&X3 UIlCk!P DISCUSSION. 
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Fig. 4. Elcctrophcrogram for the separation of cations in the system WI-ICI. 

Fig. 5, Simultsncous separation of cations in the system WICAC, 
\I 

are all polyvalent ions. The reason for the shifts can be found in the higher pH of 
the system and a stronger complex formation. 

Fig. 6 shows the electropherogram for the separation of a mixture of Bag+, Caa+; 
Na+, NW-, Cd2+, PW+ and Tea*. K+ is the leading ion and Tris+ the terminating ion.” 

The sys tcvn WKCAC 
The leading electrolyte is KOH in water, adjusted to pE16.37 by adding cacp- 
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P 

~ 

ce , 

J 

I 

Fig. 4. Elcctrophcrogrsm for the scparntion of cations in the system WKAC. 

Fig. 7. Simultaneous separation of cations in tho system WKCAC. 
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dylic acid. Tris+ is used as terminator. This higher pH was chosen so as to investigate 
the effect of increased PH. 

In the WKCAC system, all ions <have lower effective mobilities, in general, 
and it is not clear if this is clue to the higher pI$ of the system, to complex formation 
or to a combination of these effects. 

The effective mobilities of A13+, Cr3+ and Fes+ are too low. Imidazole shows 
a typical shift in step height, It has a pK value of Q.gg and at higher PI-IS its eective 
mobility will decrease (eqn. 7). To check this effect, some experiments were carried 

is 

\ 

Yea 

i 

C 

ee 

Fig. 8. Electrophcrogram for the soparakion of cations in the system WKCAC. 
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out with, the same buffer at a pEI of 6.53. For some cations of strong electrolytes, the 
step heights were identical, while the step height of imidazole increased. 

Fig. 7 shows which cations can be separated simultaneously. In Fig. 8, the 
electropherogram is given for the separation of the cations Ba2*, Ca2-+, Na-+, Ni’J-+, Mn2+, 
Cu2+ and Tea-+. The leading ion is K* and the terminating ion is Tris*. ._._ 

The leading electrolyte is KOI-I in water, adjusted to a pI-I of 7.39 by adding 
diioclotyrosine. The terminator is Tris-+. 

At this pH, many ions do not migrate at all (Table IV), ancl sometimes precip- 
itates are formed. 

While all possible step heights were measured, the above effects were such 
that no separations in this system could be achieved. For some special purposes, 
however, this system, could be useful, e.g., in combinations with other systems. 

ComBinations of systems 
Some systems suitable for separations of cations are given, and in each system 

about 7 to g cations can be separated simultaneously. Because shifts in step height 
appear in the different systems, a suitable system can be chosen for a specific problem, 
However, mixtures can be found with such a composition that total separation in 
one system is impossible. Combining a set of systems may solve this problem, 

An example of this is given below. 
Suppose the mixture to be separatecl consists of I~-+, Na-+, Li-+, Tea-+, Ba2*, 

Pb2-+, Ni2+, Ca2+, Fez-+, Cd2-+, Cu2-+ and. Cr3-+. It is clear that separation in one system is 
impossible, the electropherograms showing many mixed zones, as follows: 

In the system WHCl: ET. 

In the system WKAC: I< 

In the system WKCAC” : IC 

Ca Fe 
Ic Ba Ni Cd Li Ten 

Pb Na Cr 
cu 

Pb 
Fe Cr 

Ba Ca Ni Cd Li Tea 
Na cu 

Cd 
cu 

Ba Ca Na ,?di Li Tea 
Fe 
Pb 

Tris 

Tris 

Tris 

The quantities of the cations given in italic are known directly from the elec- 
tropherograms, viz., I(, Ba, Li, Tea, Ca, Cd, Na and Ni. 

Further, we can compute the following: 
Cr = (Cd-l- Cr)wm--Cdw~Knc 
Pb = (Ba-1-Ca-I-Pb)wHcl-Bawlcnc-CawKchc 
cu = (Cu-~Li-t-Pb_l-Cr)w~~~c-Pbcom-Crcom-Liw~~cl 
Fe = (Cd+Cu-t_~i+Fe-t_Pb)wKcnc-CdwKnc-Cucom-Pb,om-Liw~cl 

* In this system, Cr3+ is too slow. 
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0 H Q Y 

Fig. g. Simultaneous separation 0% cations in the system MHCI. 

\; 

i 

\ 

Li 

Fig. IO. ElectrophcrogYam for the scpsration of the alkali mot& in the system ME-ICI. 
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Complex mixtures can be analysed by combining the systems in an appropriate 
manner. In this paper, only the qualitative aspects are described. Quantitative 
analyses are being studied at present and will be described in a later paper. 

METHANOLIC SYSTEMS 

The methanol (gci %) was prepared 
a mixed-bed ion exchanger (Merck V) . 

- 
CU 

Mn 

by running it over a column filled with 

Fig. I I. Elcctrophcrogr,zm for the separation of cations in the system MHCl. 
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The leading electrolyte is HCl in methanol and the terminating electrolyte 
is CdCl, in methanol. For further conditions, see Table III. The step heights of the 
cations in the methanolic systems are given in Table V. The differences in step heights 
required for a complete separation must be about &-IO mm. 

In comparison with the aqueous systems, especially for monovalent cations, 
separations can be achieved much more successfully in methanol. 

Trivalent cations are difficult to separate. Their electropherograms show very 
wide, sometimes double, steps because clusters are formed. For this reason, the sepa- 
rations of monovalent and divalent cations only were investigated. 

Fig. g shows which cations can be separated simultaneously. In Fig. IO, the 
electropherogram for the separation of the alkali metal ions Cs-I-, Rb+, K-k, Na+ and 
Li+ is given. The leading ion is H-l- and the terminating ion is Cu2+. En Fig. II, the 
electropherogram is given for a mixture consisting of the cations Tma+, Tea-l-, NH:,+, 
K+, Na+, Ca2*, Li+, Co2+, Mn2+ and Cu2+. The leading ion is 1-I’ and the terminating 
ion is Cd2-“. The concentrations of all the cations were about 0.01 Al, except for Li+ 
(0.002 M). 

The system M’KAC 
In this system, the leading electrolyte is potassium acetate in methanol ad- 

justed to a pH of 6.35 by adding acetic acid. The ~1-1 is measured with a glass electrode 
and a calomel electrode, filled with an aqueous saturated solution of KC1 as a reference 
electrode. The terminator used is CdCl, in methanol. There are great differences in 
comparison with the step heights of the cations in the system MHCl. Divalent cations 
in particular show great shifts in step heights. The trivalent cations have such low 
effective mobilities that they do not migrate in an appropiate manner. 

Fig. 12 shows which cations are simultaneously separated in this system, 
Fig. 13 shows the electropherogram for the separation of a mixture consisting of 
Guan+, Na+, Li+, Ba2+, Mg2+, Ca2+ and Ni”+. The leading ion is I(+ and the terminat- 
ing ion is Zn2+. 

Fig. 12. Simultaneous separalion of cdions in t;hc system MI&K. 

The most important metals in blood are easily separated in this system. Quanti- 
tative separations, however, can be more clifficult because of the great differences in 
concentrations. For this reason, other types of detectors with higher resolution 
powers must be used. 

The system JWTMAAC 
In the preceding system, the leading ion is K+ and cations with mobilities 

higher than that of K-C cannot be determined. Uecause many ions are quicker than 
K-C, we carried out some experiments ‘with the leading electrolyte tctramethylam- 
monium acetate. TMA is the quickest cation of those considered. InTablc V it can 
be seen tlxd most step heights agree with those of the system MKAC. 

All divalent cations are a little slower, possibly due to the higher pH. 
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Li 

Figa 13, Electrophcrogram for the sopsration of cations in the system MKAC. 

DISCUSSION 

In this paper, we have described the qualitative aspects of some cationic 
experiments carried out on isotachophorosis. The possibility of separating’“‘cations, ..* 
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Pig. 14 Step height differences of some cations for the cliffcrcnt systems. 
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as shown here, depends on the type of detection and injection system used. In using 
a tap, the sample ions are introduced separately from the terminating and leading 
electrolytes. This can be seen as an advantage, as the length of the capillary can be 
used for the separations of the sample ions according to the concentrations and effec- 
tive mobilities of the various ions. 

If the sample is introduced by injection, for instance with a Hamilton syringe, 
the sample ions are mixed with the terminating and/or leading ions. In this instance 
the length of the capillary tube, available for the separation, must be used for the 
separation of the sam.ple ions from the leading and/or terminating ions also. Some- 
times this can be difficult, especially if the effective mobilities of the sample ions do 
not differ much from those of the terminating and/or leading ions. The change in pW 
of the sample caused by the terminating electrolyte can also be a. source of diffzculties. 

The larger volume of the tap is a disadvantage, but smaller concentrations of 
the sample ions can be handled, 

In combining systems, only the combination of aqueous systems has been 
considered. The possibilities are much greater if methanolic systems can be applied 
as in our case, where the apparatus is fully lined with PTFE. 

DifEerences in step heights as found in the various systems must be satisfactorily 
interpreted. The influence of counter-ion and p1-E always produces changes in the 
step heights of the cations for the different systems. Complex formation and sol- 
vation effects will shift the step heights in relation to other cations. An example of 
this is given below. 

Fig. 14 shows clearly the influence of the various systems on the step heights 
of the strong cations I(. +, Na+ and Li+. The behaviours of these cations in the various 
systems are similar. I-highly charged cations such as Ce3+, Al”+ and Pb2+ show shifts 
in step heights, clue to the effects of PI-I ancl complex formation. Large shifts are also 
shown for 13a2+ and Tea+ cations for the aqueous and methanolic systems, due to 
the effect of solvation and change of dielectric constant, and in methanolic systems 
the influence on the divalent cations of a change in pH is remarkable. 

Buffer ion with i negative charges 
Equivalent concentration (g-equiv./l) 
Total concentration (mole/l) 
Concentration (mole/l) 
Dielectric constant of the solvent 
Voltage gradient (V/cm) 
Faraday constant (C/g-equiv.) 
Equilibrium constant 
Computation constant 
Mobility (cm’J/V-set) 
Absolute mobility at c=o (ems/V-see) 
Effective mobility (cmz/V-set) 
Computation constant 
Valence of an ion species 
Cation with i positive charges 
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Electrolyte constant 
Absolute temperature (“I<) 
Degree of dissociation 
Real degree of dissociation, as used in the ONSAGER relation 
Equivalent conductance of an electrolyte at c=o (cn+/ohm*g-equiv.) 
Equivalent conduct ante of an electrolyte (ems/ohm l g-equiv. ) 
Electrical conductivity of a zone (r/ohm l cm) 
Ionic equivalent conductivity of a cation at c=o (I/ohm 9 cm) 

Viscosity of the solvent. 

Ion species B or buffer 
Ion species P or cation 
Ion species H+ 
Ion species OH- 
The Utll zone 
The Vtll zone 
The $h step of dissociation 
Computed. 

The total concentration of the ion-species P in the Uth zone. 
The equilibrium constant of the ion species B for the 911 step of 
dissociation. 
The concentration of the ion-species 13, with i positive charges, in the 
Uth zone. 

A b bveviations 
Guan Guanidine 
Im Imidazole 
pHV The pH of the Vth zone 
pIIU The pH of the Uth zone 
pEIL The pH of the leading zone 
Tma Tetramethylammonium 
Tba Tetrabutylammonium 
Tea Tetraethylammonium 
Tris Trishydroxymetl~ylaminometl~ane 
SC. Succinyl choline. 
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