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SUMMARY 

Separations of anions by isotachophoresis can be carried out in different ways. 
Differences in mobilities and/or differences in pK values can be used for the simulta- 
neous separation of anions. The separations of anions, using both the differences in 
mobilities and/or the differences in pK values, were studied in this work. Experiniental 
values for about one hundred anions are give& Equations are derived for the separa- 
tion of anions in buffered systems and the ex,periment+ results are compared with 
calculated values in order to check the theory. 

INTRODUCTION 
. 

In a previous paper1 the theory for the use of buffered systems for separations 
of cations was described. Some operational systems that are useful for the separations 

q of cations in both water and methanol were given. 
A comparison of the results obtained by calculations and. by experiments 

showed that corrections have to be made; the influence of relay&ion and electro- 
phoretic effects are important, while the influence of the temperature of the zones is 
negligible for relative calculations. 

In this paper we discuss the equations derived for buffered systems and useful 
for the separation of anions. Some artefacts of the experiments carried out are given. 

The results of the experiments are divided into two groups. The experimental 
results for the first group of ,anions are compared with calculated values, ‘For the 
second group, only the experimental results are given. -. 

TEIIZORETICAL 

In a similar manner and with the same assumptions as described by BECKERS 

AND EVIZ:MERTS~, who investigated the separations of cations, the following equa- 
tions can be set up’. 

Equilibriuwt eqzcatioozs 

KA.1 = %I *%,i/cA,I - 1 
- 

(0 

’ Here the sample ions are anions, and the counter-ions are cations with buffering capacity. 
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166 . J. L. BECKERS, F. M, EVERAERTS 

JG3.i = cl-I l %,i- 1 Ic B,1 

CA,S = KA.S'CA,I-lfCH 

CB,i = cI3,i-l’cH/&3,t 

Subsituting in eqns. 3 ancl 4 for CA, 2-1 and CB, t-1, etc. : 

eqns. 5 and 6 will be 

CA,1 = Mi ‘CA,O 

CB,i = W%,o 

The total concentrations of the buffer and the anion present are 

Isotachofihovetic conditiofis 

EU-mAu= EvemA,,, 

with . 

mAU = 

Electrone$raZity 

(2) 
(3) 

(4) 

(6) 

(7) 

(9) 

(10) 

01) 

(12) 

(13) 

04) 

(15) 

(17) 
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QUALITATIVE SEPARATION OF ANIONS I67 

I/K’ = constant = EU* 
( 

coIju mOMU -I- ckIu’ ml-lu 

(18) 

Assuming the right-hand terms of eqn. 18 are Q1 and Qu for the first and the 
Uth zone, respectively, then the function . 

Qu=Ql/Qu-1 (19) 

must be zero, 
With these equations, a sitiilar computer program can be written, as described 

. 
earlierl. 

l 

APPARATUS 

The experiments are carried out with the apparatus described by BECKERS 

AND EVERAERTS~. Instead of a differential thermocouple, a differentiatora is used. 

EXPERIMENTAL 

In isotachophoresis, ions can be separated if their effective mobilities differ 
sufficiently. 

The effective mobility can be defined as 

The degree of dissociation, as, depends mainly on the values of the p&Z, the 
temperature of the zone and the pH chosen. The value of y$, a correction factor used 
in the .Onsager relation, depends mainly on the ionic concentrations. The value of 
P?Z~ depends on several effects, such as solvation, dielectric constant, viscosity of the 
solvent, and the radius and charge of the ion. All parameters influence the effective 
mobility and a well considered choice of the system to be used, makes a good separation 
possible. 

The separation of anions can be carried out in different ways, as follows: 
(I) The differences in a,,bsolute mobilities can be used for the separations of 

anions. A particular pH of the buffered system is chosen such that all anions are 
almost completely dissociated. 

(2) The differences in the pK values .of the’ anions can also be used for the separa- 
tion. A particular pH is chosen such that most anions are not completely dissociated, 
especially if man& anions have about the same ‘absolute mobilities. According to 
eqn. 20, a pH is chosen such that maximum differences in effective mobilities are 
obtained. 

* 

Se$avations t.iccording to mobilities 

To demonstrate separations according to mobilities, the pHs of the buffered 
systems are chosen as 6 and 7. Many acids have pK values up to 5.5, so. that most 
acids will be almost completely ionised. ““‘iI 

. 
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TABLE I 

SOME EXPERIMENTAL AND CALCULATED VALUESPOR ANIONSPOR THE SYSTEM ~~iSt/I-IC1 

No. Ionic sfiecies x/I* IO3 r/n* 103 Calculated 
witkout will& concentration of 
correc- correc- the ion&d parlt 
tions lions (WtOlC/l) 

W 

I 

; 

z 
6 

; 
9 

IO 
II 
12 

=3 
14 
=5 
16 

=7 
18 

I9 
20 
21 
22 

23 
24 

Acetic acid 2.030 
Bcnzoic acid 2.504. 
m-Nitrobcnzoic acid 2.561 
fi-Nitrobenzoic acid 2.5Go 
Capric acid 3.075 
Caprylic acid 3.064 
Chloric acid I .23G 
Crotonic acid 2.414 
Formic acid I.474 
Glycolic acid I.996 
Hydrofluoric acid 1.4GS 
Iodic acid I *977 
Lactic acid 2.265 
Nikotinic acid 2.526 
Nitric acid 1.120 

Nitrous acid 1.115 
Mothacrylic acid 2.295 
Pclargonic acid 3.100 
Picric acid 2.648 
@Chloropropionic acid 2.283 
Salicylic acid 2.334 
Sulphamic acid 1.623 
Sulphanilic acid 2.483 
Isovalcric acid 2.660 

2.195 0.0082" G.12 3G6 
2.689 0.007s 0.13 430 
2.749 0.007s 0.13 440 
2.764 0.0078 6.13 442 
3.246 0.0070 6.19 511 
3.235 0.0070 6.19 510 
I.349 0.0097 6.04 243 
2.591 0.0078 6.14 4lG 
I .6oS o.oog2 6.06 276 
2.100 o.oosq. 6.SO 360 
1.600 o.oog2 G.06 277 
2.142 0.0055 G.09 358 
2.450 0.0051 G-11 391 
2.697 0.0076 6.16 436 
I.225 o.oogg G.03 220 
I.219 o.oogg 6.03 217 

2.469 0.0080 6.12 404 
.3.286 0.0070 6.20 494 
2.832 0.0077 6.14 446 
2.461 0.0081 6.12 399 
2.512 0.0080 G.13 40s 
1.766 o.oogo G.07 304 
2.672 0.0078 G.r3 420 
2.831 0.0075 6.16 460 

25 Adipic acid I.543 I.569 0.0045h G.oG 334 
26 Maleic acid I.689 I.900 0.0030 0.0027n 6.11 312 

27 Malic acid 1.402 l-G55 0.0042 6.07 28G 

28 Malonic acid I.257 1.520 0.0047 6.04 280 

,29 Oxalic ,acid I.098 1.331 0.0049 6.03 236 

30 Pimclic acid r.GzG 1.972 0.0044 G.07 345 

31 Succinic a&d 1.511 1.759 0.0013 0,0038 G.og 304 

32 Sulphuric acid 0.996 1.204 0.0050 6.02 224 

33 Tartaric acid I.257 I.521 0.0047 G.04 280 

34 ‘Tartronic acid I .203 I.458 0.0048 6.04 256 

n Concentration of thd monovalent anion. 
b Concentration of the divalent anion. 

TCte systeggz Hist/HCI. The leading electrolyte used was a mixture of histidine 
and, hydrochloric acid at pH G.oz. The concentration of the leading ion, Cl-, was 
0.01 N. The current was stabilised at 70 PA. 

The step-heights measured for all the ionic species, for which the experimental 
results were compared with calculated values, are given in Table I. The step-heights 
measured for the other ionic species are given in Table II. The step-heights refer to 
0 PA. 

Many anions have the same or almost the same step-heights because their 
‘effective mobilities are almost equal, i.e., they cannot be separated. From our cxper- 
iments, we’can state that anions cantbe separated if they differ by about 10% in step- 
heighi:, by using a thermometric detector. 

~~‘.Citvomatogv.,‘6g (1972) r65-r7g 



QUALITATIVE SEPARATION OF ANIONS 169 

TABLE II 

SOME ESPERIMENTAL VALUES FOR ANIONS FOR THE SYSTEMS I-liSt/I-ICl AND hf-lid/~~~C1 

sl. mcnns that an indefinite step-height was obtnincd. The signal slides slowly to an end-point. 
t.sl. means too slow. The mobility of the anion was too low to finish ,the experiment, because of 
the limited potential dcliverccl by the power supply. 

Jpnic sfxmies System System Ionic s$miss system 
HistlHCZ Imid/HCt Hist/NCZ 

System 
ImidlHCZ 

- 

Acetylsalicylic acid 474 
Allomucic acid 319 
Azelaic acid 365 
m-Aniinobenzoic acid 
o-Aminobenzoic acid $8 

p-Aminobenzoic acid 
g-Bromo-z,3-clihydroxy- 

-454, 

benzoic acid .4Go 
z,4-l>ihydroxybcnaoic acid 459 
Bcnayl-dl-aspartic acid 531 
Butyric acid 4.28 
ac-I-Iyclroxybutyric acid 470 
Cacoclylic acid 620 
Caff eic acid 526 
Caproic acid 478 

Carbonic acid 520 sl. 

Chromic acid 259 
Cinnamic acid 500 
Citric acid 292 
Dichromic acid 149 
EDTA 334 
Galacturo ?ic acid (D) ts1. 

Glucoronic acid 509 
Glutamic acid 476 
Glyoxylic acid _ . 399 
Guanidoacctic acid t.s1. 
+I<ctogulonic acid 496 
Hippuric acid 490 
4,;;i;iclazoledicarboxylic 

326 

380 
250 
274 
340 
- 

350 

316 
354 
440 
356 
375 
4oo 
420 
386 

320 sl. 

I73 
368 
200 

I74 
285 
- 

420 
386 
290 
t.s1. 

395 
391 

240 

Indolvlacctic acid’ . 
ICyn_enic acid 
Laevulinic acid 
Mandelic acid (dl) 
Molybdic acid 
Naphthalene-2-sulphonic 

acid . . 
Orotic acid . . 
Periodic acid 

Peroxodisulphuric. ticid 
Phcnidon 
Phenylacctic acid 
o-Phosphoric acid 
o-Phthalic acid 
Pycrolonic acid 
Pyrazinc z,3-clicarboxylic 

acid . 
Pyrazole 3,5-clicarboxylic 

acid 
Pyrophosphoric acid 
Pyrosulphuric acid 
Pyrosulphurous acid 
Sulphosalicylic acid 
Sulphurous acid 
Tiglic acid 
Trichloroacetic acid 
Trimothylacetic acid 
Uric acid 
y-Oxoiminovalcric acid 
Vanadic acid 
Vitiamin C 
Xanthurcnic acid 

t,s1. t.s1. 
470 383 
430 - 

4.56 364 
335 185 

496 358 
4.54, 310 
358 250 

212 
fz.81. 

448 
468 

328 
ts1. 

298 

3o= 
- 

224 

224 
283 
286 

410 
399 
470 
424 
466 
320 sl. 
510 
484 

162 
t.s1. 
366 
266 

246 

235 
204 ’ 

172 
228 

170 
332 
316 
363 
360 
382 
184 
390 
‘353’;. . . . 

Fig. I shows the electropherogram for the separation of a mixture of nitric, 
oxalic, tartronic, formic, citric, maleic, adipic, iodic, trichloroacetic and mandelic 
acids. Vitamin C was used asthe terminator. 

In Fig. z, the electropherogram is given for the separation of sulphate,’ chlorate, 
chro.mate,malonate, pyrazole 3,g-dicarboxylat,e, q&pate, acetate, @chloropropionate 
and phenyl acetate. The terminatyr used was,+itaniin C. The concentrations qf all the 
above anions in the samples were about 0.001 N. The sample tap vblume .was about 
20 /A. 

8’ ,. 

Ths systsm Im&8/A?CZ. The leading tilectrdlyte,used was i niixtke of imidazole 
and hyd,r&hloric acid it pH 7.05. The’ concentratioq pf the leading, ion,: Cl-, was 
0.01 N. The current was’stabilised at 70 ,&A’ 

The absolute mobility, of ;the cotinteriion i.4 larger’ than, the mdbility of the 
counter-ion applied in the system Hkt/HCl. This meatis that all the zone resistances 

J. Chvomntogr,, 69,(x972) x65-179 
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QUALITATIVE SEPARATION OF ANIONS =7= 

are smaller ; consequently, all the step-heights decrease. However, their step-heights 
correlate corfectly with the calculated zone resistances. 

Some step-height shifts are remarkable. This can be ascribed to a dissociation, 
which is more complete in the system Imid/HCl. 

Some examples of shifts are citric acid (pK8 = 6.41, orthophosphoric acid 

(PIG = 7.21) and chromic acid (pK, = 6.49). All step-heights are given in Tables II 
and III. 

In Pig. 3, the electropherogram is shown for the separation of a mixture of 
sulphate, oxalate, chlorate, formate, pyrazdle 3,5-dicarboxylate, adipate, iodate, p- 
chloropropionate and nicotinate. The terminator used was vitamin C. In this system, 

TABLE III 

SOME EXPERIMENTAL AND CALCULATED VALUES FOR ANIONS POR THE SYSTEM Imid/HCl 

NO. ronic spacies Ill* 103 r/n* 103 CaFculatcd PU Step-lbeigibt 
WilJboatt witlb concentration of fmm) 
COYYCC- COYYCC- tire ionised pnrt 
tions tions (m.olc/E) 

I 

f 

4 
G 

z 
9 

IO 
II 
I2 

13 
14 
15 
16 

17 
18 
x9 
20 

21 

22 

23 
24 

25 
26 
27 
28 

5: 

;: 

E 

Acetic acid I*5049 
Bcnzoic acid I *go19 
nl-Nitrobenzoic acid I .sbr o 

I .&a 

2.2575 
2.2567 
0.9482 
1.7952 
I.1259 
1.5239 
1.1236 
1.5171 
I .7386 
I .8520 
0.8594 
0.8536 
1.7407 
2.2594 
I.7893 

p-Nitrobcnzoic acid 
Capric acid 
Caprylic acid 
Chloric acid 
Crotonic acid 
Formic acid 
Glycolic acicl 
Hydrogen fluoride 
Iodic acid 
Lactic acid 
Nicotinic acid 
Nitric acid 
Nitrous acid 
Methacrylic acid 
Pclargonic acid 
Picric acid 
P-Chloropropionic 

acicl 
Salicylic acicl 
Sulphamic acid 
Sulphanilic acid 
Isovalcric acicl 

1.5821 0.0075~ 3.13 281 
1.971 I 0.0065 7.18 340 
2.0357 0.0064 7.19 340 
2.02gg 0.0064 7919 345 
2.3104 0.005g 7-23 400 
2.3016 0.005g 7-23 400 
1,0156 o.oog3 7.03 190 
I.8668 0.0068 7.17 326 
1.2013 0.0087 7.06 216 
I .6oog 0.0074 7*13 286 
I,1985 0.0087 7.06 218 
I.5920 0.0074 7.13 290 
1.8144 o.ooGg 7.16 314 
I,g18z 0.0066 7.18 342 
0.9232 0.0097 7.01 174 
0.9137 0.0098 7.01 170 
1.8715 0.0068 7.16 312 
2,310o 0.005g 7*23 393 
I.8493 0.0068 7.17 350 

1.7398 1.8140 o.ooGg 7.16 316 
1.7894 I ,863~ 0.0068 7.17 323 
1.2454 I.3197 0.0082 7.08 244 
I .8g7z 1*9654 0.0066 7.18 344 
I ,968 ~~0322 0.0064 7.19 360 

Adipic acicl 1.1783 I.3499 0.0042~ 7.07 252 
Malcic acid I .067g 1.2207 0.0042 7.06 216 
Malic acid I .00x4 1.1510 0.0045 7.04 222 
Malonic acid - 1.0831 0.0046 7.18 204 
Oxalic acid 0.8422 0.9634 0.004g 7.01 180 
Pimclic acid r.i458 1.4228 0.0041 7.08 264 
Succinic acid 1.0411 1.1946 0.0044 7.05 224 
Sulphuric ,acid 0.7681 0.8931 0.0051 6.99 169 
Tartaric acid 0.961 I J.1083 0.0046 7.03 216 
Tarkonic acid o.gISz I .0642 0.0047 7.02 195 

h Concentration of the monovalent anion. 
b Concentrcltion of the divalcnt anion, . 

J, Chvomatogr., 69’ (1972) I6s-vQ 



*72 J. L. BECKERS, I?. M. EVERAERTS 

Fig, 3. Elcctropherogrtsm for the separation of anions in the system Imid/I-ICl at p& = 7,05. 

ions can be separated simultaneously if the differences in their step-heights are about 
10%. 

Sefiarations according to $I< values 
As mentioned above, separations of anions can be carried out by using the 

differences between pK values, especially if the anions have about the same absolute 
mobilities. A pH is chosen such that different effective mobilities are obtained ac- 
cording to eqn. 20.. 

,The choice of the pH of the leading electrolyte is limited. A minimum effective 
mobility of the ion species is required. If the pH of a zone is more than one unit lower 
than the pK value of the ionic spedies,‘such a low effective mobility is obtained that 
the potential required rises above tl?e maximum potential of the stabilised ‘direct- 
current ‘power supply. Another ,limitation is due to the buffering capacity of the 
counter-ion. A maximum buffering effect is obtained if pKn + z > pHZone > p&-r. 
If the ISI of. the’leading electrolyte is chosen, the pHs of the following zones can be 
such that the buffering capacity of the counter-ion will be at a minimum in these 
zones. The’relationship pKionlc species and pWzo,, is shown in Fig. 4 f0r.a pI& value 
of G and, a pH value of ‘he leading’ electrolyte (~HL) of 5,7$ 

Fig. 4’ shows, clearly.:that a’ buffer will, have a ‘minimum buffering. effect, if its 
pli’ value is more than one unit lover than the’@K of the ionic species. 

J, Chyomaiogv., 69 (w74 I%-179 



QUALITATIVE SEPARATION OF ANIONS =73 

To demonstrate the possibility of separation according to pK values, eleven 
anions that cannot be separated in the system Hi&/IX1 fpH~ = 6.02) were selected. 
With a computer program, the effective mobilities were,computed for five systems at 
lower ~13% and the step-heights for the different systems where measured for the 
eleven anions. Table IV shows the conditions for the different systems. In Table V, 
the calculated effective mobilities and the measured step-heights are given. 

I 

ll 

- p K ;oni..apasi*r 

. 

IO 

Fig. 4, Rclationwhip bctwecn pW zOnO sncl the pK vdue of an ionic species. 

In Fig. 5, the step-heights are plotted for the different systems. Fig. 5 shows 
that the differences in step-heights are much greater, to obtain a good separation, at 
lower pH values of the leading electrolyte. 

Some separations were carried out. Fig. 6 shows the electropherogram for tll’e 
separation of a mixture of trichloroacetate, @A~loropropionate; benzonte, crotonate, 
p-aminobenzoate and trimethylacetate ‘at a PHI, value of 6.02, The terminator was 
glutamate and the leading ion was chloride. No complete separation could be achieved. 

In Pig. 7, the separation is shown for tile same mixture in system E (Table V) at 
a pH& value of 4. Trimethylacetate was used as the terminator. A complete separa- 
tion could be obtained easily. 

., 

J. Clwomatogv,, 6g (1972) r6pryg 
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CALCULATIONS 

With the computer program used, the concentrations, pHs and zone resistances 
of the zones, following the leading electrolyte were computed* for some anions in the 
systems Hist/HCl and Imid/HCl. The results are given in Table I for the system Hist/ 
E-ICI and in Table III for the system Imid/HCl. 

600 - 

700- 

I 

\, 

Fig. 5. Graphical ropresontation of the step-heights moasurcd in the vcarious systems. 

. 

The computations were first made without applying corrections for the in- 
fluence of the temperature and the relaxation and electrophoretic effects. 

Figs. 8a and ga show the relationships between the measured step-heights and 
calculated zone resistances for the systems Hist/HCl and Imid/HCl, respectively. 
Two distinguishable curves are obtained for the mono- and divalent anions. 

* Data rcquirod for the computations wcrc talccn from rcfs, 4-6, 

. . J. Ghvotnatogv., 69 (1972) 165-179 



J. IL. BECKERS, F. M. EVERAERTS 

J. Chromatogr., 69 (wtd rf%-I79 



QUALITATIVE SEPARATION OF ANIONS 177 

(a) (b) 

toa’ /J I I 1 I 

r.0 0.0 J.0 1.0 0.0 '3.0 

- ‘/A, lOJ A ‘/h *to= 

Fig. 8 (a). Relationship between the measured step-heights and the calculated zone resistances for 
some anions in the system Hist/HCl. No corrections Gore made in the computation. (b) The same 
relationship as shown in Fig. (a) but with corrections made in the computations. 

(a) 

c 
+f 

Fig. g (a). Relationship bctwecn the measured step-heights and the calculated ,zonc resistances for 
some anions in the system Imid/HCl. No corrections were made in the computation. (b) The sam’c 
relationship as shown in Fig. (a), but with corrections made in the computations. 

J. Ghvomalogv., 69 (1974 IW-179 
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T.his can be understood easily, If the zone resistance is computed without ap- 
plying corrections for the Onsager relation, deviations with the resistances actually 
present will occur. The zone resistances calculated will be smaller than the resistances 
actually present because the relaxation and electrophoretic effects are neglected. 
These effects decrease the mobility. Consequently, the resistance of the zone in- 
creases. Because these effects are greater for divalent anions, two distinguishable 
curves can be expected, as shown in Figs. Sa and ga. The influence of temperature is 
about the same for both mono- and divalent anions. Taking into account the influences 
of all these effects, one curve can be constructed. 

After applying corrections for the influences of temperature and the Onsager 
effects, one curve is really obtained for both the mono- and divalent anions. Figs. 8b 
and gb show these curves for the system Hist/HCl and Imid/HCl, respectively, 
curve is really obtained for both the mono- and divalent anions. Pigs. 8b and gb show 
these curves for the system Hist/HCl and Imid/HCl, respectively. 

In all instances, the pH values before and after applying the corrections do not 
differ appreciably. For most ionic species, they differ by not ,more than about 0.1 pH 
,unit. For this reason, no pH measurements were used as a check on the theory. How- 
ever, reasonable values were obtained by EVERAERTS AND ROUTS'. 

CONCLUSION 

’ In this paper, we have used only the differences in p1< values and mobilities for 
the separations of anions. 

Changing th.e conditions as well as the combination of systems may be a help in 
solving certain problems. 

a A very important part of the analyses, the quantitative aspect of the separa- 
tions, is being studied at present and will be discussed in a later paper. 
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LIST OFSYMBOLS 

c Concentration, mole/l 
Ct Total concentration, mole/l 
23 Potential gradient, V/cm 
I Electric current intensity, PA 
K 
2-C’ 

Equilibrium constant 
Constant 

m Mobility, cnis/V ; set 
meli Effective mobility, ems/V l set 
Mi Computation constant 
fl .Valence . ’ 

Ni Computation constant 
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a Degree of dissoc,iati,on 
Y Correction factor 

’ Iutdices 
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A 
a 
i 

H 
OH 
0 

U 
V 
L 

Anion A 
Buffer ion B 
P step of dissociation, i.e., for an anion i negative ,charges and for a cation 
i positive charges ’ 

H-f- ion 
OH- ion 
Undissociated part 
Uth zone . 

Vth zone . 

Leading zone 
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