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INTRODUCTION 

Several authors have studiecl the separation and subsequent identification of inorganic 
ions by paper electromigration. No attempt will be made to give a complete survey of 
these researches, as several reviews are available and new ones appear periodically (see 
ref. I and the reviews appearing every second year in Anallytical Chemistry, e.g. ref. 2). 

Generally speaking these researches concern a small number of ions which have 
been subjected to a preliminary separation by means of a group-reagent. Proposals for 
the separation by electromigratic~n of mixtures of a. large number of ions are rare, 
and have not been worked out into a scheme of analysis up till now. Recently GROSS” 
studied the electromigration of a large series of ions in formic acid and ammonium 
carbonate. 

We have been looking for a method by which as many ions as possible could be 
identified by their different path lengths in the supporting electrolyte together with 
colours or fluorescence developed with suitable reagents. 

In preliminary experiments with a. group of about ten ions, the following sup- 
porting electrolytes were tried: citric acid, oxalic acid, malonic acid (all three in various 
concentrations), and also tartaric acid, gluconic acid, ammonium citrate and sodium 
potassium tartrate. Of these, osalic acid and malonic acid were discarded on account 
of their tendency to form precipitates with various ions. Solutions of ammonium 
citrate and sodium potassium tartrate increase the conductance and have an appre- 
ciable buffering capacity ; this last property is disadvantageous in several identification 
reactions. Of the remaining acids, citric acid, in I N solution, gave the best results. 

In the following experiments we studied the behaviour of the ions: Ag+, AsO,~-, 
As043-, Aus+, Ba2+, Ca2*, Cclz-+, Ce3+, Cl-, Co2+, Cr3+, CrOa2-, Cu2-+, Fe2+, Fe3*, Gas-+, 
Hg2+, Ina’-, I<+, La3-+, Lif, Mgz-+, Mn2+, MnO,-, MoO,‘J-, Na+, Ni2+, Pb2+, Sb3-+, Se032-, 
SeOa2-, Sn2+, Sn”+, Sr2+, Te0,2-, TlrQ-, Ti*+, U022+, VO2-+, W042-, Y3+, Zn2*, and ZrJ+. 

The results obtained indicate that, in the medium chosen, a large number of the 
above-mentioned ions can be identified clearly after electromigration for one hour 
or less in some cases. 

Appavatacs 
EXPERIMENTAL 

A number of paper strips (Whatman z\To. I chromatographic paper, So x 2 cm) were 
sandwiched between two flat glass plates, the ends of each strip coinciding with a slit 
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bored in the upper glass plate. The cathode- and anode-slits were 75 cm apart. They 
were filled with an agar gel (14 o/o in I N citric acid) to ensure electrical contact between 
the carbon electrodes and the strips. The gel also served as an absorbent for the 
products of electrolysis. A cellophane strip between the gel and the paper strips acted 
as a barrier for the transport of liquid from the former to the latter (see Fig. I). 

carbon 
ektrodas 0 

lass 
i&2S 

tclr-papw strips 

springs 

(L kct rodrz 
slits 

Fig. I. Electromigration apparatus usccl in this work 

Evaporation was reduced by inserting two extra strips, soaked in the electrolyte 
solution, along the long sides of the glass plates and. by loading the plates with iron 
blocks of several kg weight, Contact between the extra paper strips and the cellophane 
membranes should be avoided. 

Control esperiments with arabinose showed that electroendosmosis is nil, while 
the fact that the current in each strip remains fairly constant during the experiments 
(the applied potential being kept constant) indicates that evaporation is insignificant. 

Any high-voltage d.c.-source, capable of maintaining a potential gradient of 
about 30 v/cm and a current of 2-3 mA in each strip, may be used. 

Reagents am? other sola~tions 

Solutions of the ions (of known concentration) in I iV citric acid were used. The 
solutions of the developing reagents, together with the treatment after spraying, are 
summarized in Table I. The reactions with gases mentioned there, can be performed by 
hanging the paper strips in glass cylinder in which an atmosphere of the particular 
gas is maintained. 

Gegzeral procedure 

(a) Prstreatnmzt of the $afier stri$s. A .pile of 6-10 paper strips was soaked with I N 
citric acid, and after draining off the surplus liquid the pile of strips was placed 
between two thick layers of dry filter paper and a brass cylinder was rolled over them 
twice; the amount of liquid retained by the strips was approsimately equal to their 
own weight. The strips were placed on the lower glass plate, parallel to each other 
and about I cm apart. 
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TABLE I 

REAGICNT SOLUTIONS 

Dithiooxamide 

Oxine 

Dithizonc 

Aliznrin 

Boric acid 

l-INO,-glycerol~” 

o-Tolidinc l 

lihodiaonic acid 

li fcrrocyanidc 

Morin 

Dithiol 

Chloranilic acid * * 

Ii iodide 

Titan yellow 

Dipl~enylca.rbaziclc * 

Satd. soln. in 90% ethanol 

1 0/o soln. in Soo/o ethanol 

0.02_5~/~ soln. in 80% acetone 

Satd. soln. in gGo/o ethanol 

Satd. soln. in water 

I o/o cont. GINO, and 5% glycerol in 
90% ethanol 

o.2o/o so n. in xoo/o acetic acid 

Freshly prcparccl 0.2% soln. of the 
Na salt in water 

?O a /o soln. in water 

1 part of a 1% soln. in 96% ethanol 
is mixed with 4 parts of cow. I-ICl 

0.2 g is cliscolvcd in 100 ml of a 1% 
aqueous soln. of Na,CO, by oc- 
casional shaking during some hours. 
The soln. is stabilized by adding so 
much thioglycolic acid that an opal- 
esccncc appears 

0.x o/o soln. in ether 

5% soln. in water 

Satd. soln. in water 

I o/0 soln. in g5°/o ethanol. adcl I 
drop of I N I-l,SO,, 

In NH, atmosphcrc 

In NH, atmosphere, then 
esamine in U,V. light (main- 
tain NI-I, atm.) 

In NH, atmosphcrc 

In NH, atmosphcrc; then 
spray with boric acid soln. 

Dry, then. spray with an 
ammoniacal soln. of A&, 
place in U.V, light during 
20 min 

Observe in U.V. light 

Spray with z i’V hydrochlo- 
ric acid ; then in N l-5, atrnos- 
phere 

Observe in U.V. light 

Dip in 0.5 N NaOH and 
,spray againwith tlicrcagent. 

l 13cforc applying the reagent osiclizc by the following procedure: spray with ‘1 N NaOH, bring 
the strip in bromine vapour, destroy the remaining bromine in NH, atmosphere. Some spew1 is 
rc$tfirecl. 

For ,this rcngcnt a clip technique was used 11: the strip was dipped in the etllcreal solution of 
the rcagcnt, then washed with fresh ether. 

(ZJ) Ay5$4ication of the samjde solzctio~z. A piece of white sewing yarn (e.g. Brook’s patent 
glacd thread No. 60, O.,IS mm thick) of sufficient length was soaked for at least 5 min. 
in a few drops of the sample solution, wiped lightly with a piece of filter paper and 
placed across the paper strips at a distance of approsimately 30 cm from the anode. 
Care was taken to draw the thread taut. Strips and thread were covered with the 
upper glass plate, which pressed them together. After IO min the thread was removed, 
its position on the strips was marked with a short pencil line and the upper glass plate, 
fitted beforehand with cellophane membranes and agar gel, was again put into position. 
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TABLE 

RELATIVE MOBILITIES WITH RESPECT TO THE c02.+-ION, COLOUR 

Kcngctrt aird imdhtnr: 
Dithio- Oxirrc 
omrvidc - Dilhizortc 

A lirarirr Glycerol Onida: ionq 

NH3 --&I, U.1’. NH, 
- -HNO.- l//en ,,t@ 

NNJ NH= Boric mid AgNO, U.1,‘. 04olidim 
- 

Ion Hclat ivc 
rrlohilily C .s C s c s c s c s c s C s c s 

.-- 

Tl+ 
Ba2f 

Sr2+ 
Ca2’ 
Mg2’ 
MrP+ 
Fez+ 
Cr3+ 

co2+ 
Cd2+ 
Zn2’ 
B&+ 
Ni2+ 
Pb2+ 
CU2f 
LS3’ 

cc3+ 
y”’ 
Al”’ 

In3+ 
UO,“-’ 
Sn2+ 

A&- 
Ga”f 
v02+ 

H g2+ 
As0,3- 
Th4+ 
BP+ 
l?es+ 
As0,3- 
SP” 
CrOd2- 

ALP+ 

Snj+ 
Ti4-t 

Zr"+ 

Mo0,2- 

179 dz 1 

120 zt 3 
I19 zk 2 
I19 & 2 
118 & I 

I13 zk 3 
107 zt 1 
100 *. 

100 

96 zt 2 
91 zk 2 
90 z!z 2 
85 rt 5 
57 rt 2 
45 zt 3 
45 z.t 2 

0 

0 

-9 zk 2 

-9zt 3 
-15*3 
--r8 zk 4 
-26 * 2 

-28 3: I 

-42 & 2 

-44rt5 
-45zt3 
-52 & 2 

-57 zk 2 

b 15 
- 
- 

- 

- 

by 0.8 
- 
- 
- 

v 0.9 

d 4 
g 1 
- 

- 
- 
- 
- 
- 
- 

b 0.5 

- 

- 

- 
- 

b 1.4 
- 
- 

b 15 
- 

h 15 
- 
- 
- 
- 

b 5 
- 
- 
- 

y 1.8 

Y 7 
gr 0.8 
- 

by 3 
y 5 
Y 3 
Y 10 
y 10 

Y 3 
Y 3 
Y 3 

d’ 2.5 

Y 2 
y 2 
y 6 
by 2 

Y 30 

y 2 
y 3 
Y 2.5 

y 7 
- 

Y ‘0 
Y 1.4 
gr 1 
- 

Y 10 

y 10 

gr 20 

Y2 

Y 10 
Y' 
Y 10 

d 5 
yf 16 

yf 8 
Yf 4 
Yf 0.9 
d 2.5 
d I 
- 

d I 

yf 2 

Yf 1 
Yf 1 
d 2.5 
d 0.5 

d 3 
Yf 2.3 

d 2 
yf 0.8 
yf 0.5 

yf 3 
cl 2 

yf IO 

yf I 

Yf 3 
cl 2 

cl 5 
- 

cl 2 

YfW 1.4 
cl I 

- 

YfW 10 
d IO 

cl 20 

yf 2 

Yf 5 
Yf 5.5 
cl IO 

v IO 

- 

- 

- 

- 

- 

- 

- 

v 0.2 

o 0.8 

rv 0.5 
- 

v 0,8 
rv 0.7 

gr 0.5 
- 

- 
- 
- 
- 
- 

0 T.5 
v I 
- 
- 

o 0.8 
- 
- 

0 0.5 
- 
- 
- 
- 

g 2o 
- 
- 
- 
- 

- 

- 
- 
- 

- 

v 1.1 

bl 0.3 
- 

v 0.3 
- 

v ? 
sv 1 
rv 10 

bl 2 

v I 

bl 3 

bl 1.1 
v I 

TV 3 
rv 1.6 
rv J .,& 

rv 1.4 
- 

rv I 
0 1 

- 
- 

v 6 
v 0-G 

v 3 
- 

v IO 
rv 10 

rv 20 

0 3 

V i0 

rv J 

- 

- 
- 
- 

- 
- 

v IO 

v I 

- 

v 5 
- 

v J 

rv I 
rv 10 
v 2 

v 0.5 

v 3 

bl I 

v 1 

rv 3 
rv 1.8 

rv 1.4 
0 1.7 
- 

rv I 
r 1 

v 6 
- 

rv 2 

v 0.G 

V i 
- 

rv JO 

rv 4 

V IO 

0 2 

rv j 

rv 6 
- 

- 
- 

- 
- 
- 

b 0.9 

gr4 0.4 
- 

- 
- 
_- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

bt I 

d 0.8 
- 

d 1 

- 

by 2 
- 
- 

b 1.X 

b 2 

cl 7 
- 

b 2 

- 

- 

- 

- 

hl 15 
- 
- 
- 
- 

bl G 
- 

bl s 

- 
- 
- 
- 
- 

hl 4 
- 
- 

bl s 
- 
- 
- 
- 
- 
- 
- 

bl 3 

-- 
- 
- 
- 
- 
- 
- 

gJy 0.9 

gt 3 
- 
- 
- 
- ,‘wQ 

:‘b 

* Appearing after some time: t appears at once; 
concentration of the ion is high; 

** disappears within a short time, cxccpt when the 
Tt in higher concentrations: cl. 
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II 

REACTIONS (C) OF THE IONS AND THEIR SENSITIVITY (S) (mf#‘Ill) 

<..;,, 
‘3 :r Rlmdizottic 

acid 
I< fcrro- Hydrogcjr sulfiliidc Moritr I)iflriol 

cyanide Chic acid NIf, 
U.1’. 

PN HCl N1-I.l 

Clrlov_v;ilic 

Sjwcial rcngocls 

c s c s c s c s c s c s c s c s 
- __- 

- 

r +* 
3 

r *+ 
IO 

- 
- 

** - 
*+ - 

- 

- 
e* - 

** - 

- 
- 

rv 0.7 
b 2 

0 
+z 

3 

- 

- 

0 
*+ 

4 
0 (c. 2.5 
r ** 5 
- 

- 

r t* 
5 

tt - 
- 
- 

rv** 0.6 
l . - 

- 
- 
- 

- 

- 
- 

- 
- 
- 
- 

bl 1.7 

- 
- 
- 

- 
- 
- 

cl I 

- 
- 

- 
- 
- 

- 

b 3 
- 

- 
- 

- 

b 2.5 
- 
- 
- 
- 

6* 5 
- 
- 
- 

bl o&l 
- 
- 
- 

6 7 
- 
- 
- 
- 

- 

Y 7 

- 

g$ 2 

b G 
- 

- 
- 
- 
- 
- 
- 

d 0.8 
- 
- 

b IO 

Y 2.5 
- 

b 0.G 
gr2 A 
- 

Y IO 
- 

b 7 
- 
- 
- 
- 

- 
- 
- 
- 

- 
- 

cl I 

- 

cl 0.8 

Y 7 
- 
- 

gr 3 
gr 2 
bG 
- 

- 
- 
- 
- 
- 
- 

cl 0.8 
- 
- 

b IO 

Y 2.5 
- 

b 0-G 
gr 2 

- 

Y IO 
- 

b 7 
- 
- 
- 
-. 

- 
- 
- 
- 

- 
- 
- 

- 

- 

- 
- 

- 
- 
- 
- 

- 

- 
- 

-_ 

yf IO 
- 
- 
- 

Yf I 
- 

- 
- 

Yf I5 
- 
- 
- 

Yf I5 
- 

- 
- 

yf IO 
yf 6: 
- 

- 
- 
- 

- 
- 
- 

w 3 
- 

gr I 
- 
- 
- 

w 3.5 

Y 3 
gr 5 
- 

- 
- 
- 
- 
- 

r IO 

Y 3 
- 
- 

- 
- 
- 

0 1.7 

gr I 
- 

Y IO 
- 

b IO 
r 2 
- 
- 

kz 3 

- 

- 
-_ 
- 
- 
- 

br I 

- 

s I 
- 

- 

- 

w 3.5 
- 

gr 5 
- 

- 
- 
- 
- 
- 
- 

Y 3 
- 
- 

- 
- 
- 

0 I.7 
gr * 
- 
- 
- 

b IO 
- 
- 
- 

6 3 

gr 9 
- 

by35 
Y 16 
Y 20 
Y 10 
gr 3 
- 

-_ 

v 3 
- 

v IO 
- 

b .4 
v IO 

Y 9 

Y II 
- 

rv 3 

Y I5 
0 2.5 

v 30 
- 

v 3 

gr 3 

- 
- 
- 
- 

rzr 3 
- 
- 
- 

gr 7 
- 
- 
- 

v JO 

ICI: y 15 

Titan yellow : 0 x5 

Diphcnylcarbazide : 

r5 

AgNO,: y IO 

KI: y 0.4 

&NO,: y IO 

Diphenylcarbaziclc 

r5 

Abbreviations used : bl = blue ; by = bfown-yellow ; g = green ; CI = orange; rv = red-violet ;yf = yellow 
fluorescence; b = brown; cl = dark, black; gr = grcy; r = red; y = yellow; v = violet. 
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Finally the electrodes were clamped on and the plates were loaded with the iron blocks. 
(c) ELectrowzigvation nnd detection. A voltage of approximately 30 V/cm was applied 
across the strips, for one hour, after which the position of the various ions was 
determined. 

(d) Determination of the relative mobilities. The relative mobilities, defined by: 

relative mobility of ion X = -. 
distance travelled by ion X x IOO .---- 

distance travelled by the Cos-‘- ion on the same strip ’ 

were evaluated from esperiments with solutions of each of the ions together with the 
Co2+ ion. 

(e) Sensitivity detenutinations. Decreasing concentrations of each of the ions 
studied were esamined by the technique described above to det.errn.ine the limits of 
detection. 

RESULTS 

The relative mobilities of several of the ions mentioned in the first section of this paper, 
together with standard deviations, are given in Table II. Their colour reactions with 
the developing reagents and the sensitivities of these reactions, are also given, I 117 

citric acid cannot be used as a medium for those ions listed in Table III, for the 
reasons stated. 

TABLE III 

IONS THAT ARE DIFFICULT TO DEAL WITH IN THE CITRIC ACID BIEDIUM 

Specks 

I<+ 
Na+ 
Li+ 1 
Cl- 

Detection with chloranilic acid, follow- 
ing the procedure of BARRETO AND 

RARRETO~~ gave negative results 
Is transfcrrccl to the agar gel around 
the anode under the conditions dcscribcd 
Not stable in the medium 
Too small difierenccs in mobility 

Is not easily detected in the I 1V citric 
acid medium 

Al?PY..ICATION 01: THE METWOD IN QUALITATIVE ANALYSIS 

A solution of the sample in I iV citric acid is prepared. In the case of BP+ and Sb3+ 
where it is impossible to obtain such a solution due to hydrolysis, hydrochloric acid is 
added to the sample until a clear solution is obtained. Small amounts of I-ICl do not 
affect the results, but excess should be avoided. 

The presence or absence of the Co2+ ion is established in a preliminary es- 
periment. Electromigration for 15 min is sufficient to identify the ion as a yellow- 
brown zone after spraying the strip with dithioosamide and neutralizing in an 
atmosphere of NH,. If the result is negative or dubious, a Co(NO,), solution in I N 

J. Clir*ownlog., 13 (19~4) I xg-127 
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citric acid is added to the sample mixture, such that the concentration of Co2+ is 
approximately 5 g/l. Analysis of this solution is carried out as described above, 

The position of the Co 2+ ion (which travels about zo cm), is deterrnined by 
spraying one strip with dithiogxamide solution ; the position of some other ions is also 
revealed by this reagent. Another strip is sprayed with oxine solution and examined. 
In general, many ions can be identified from the relative mobilities with respect to 
Co‘J+ ; this is occasionally aided by characteristic colours or fluorescence of the oxin- 
ates. Confirmation is obtained by applying the other reagents mentioned in Table II to 
the remaining strips, preferably in the order given. If then the Co+2 ion is not founcl 
again, an additional spray with dithiooxamide, e.g. on the back of the paper; can be 
helpful. 

DISCUSSION 

One advantage of the procedure is that there is no perceptible electro-endosmosis; 
another one is that diffusion of products of electrolysis to the working zone is inhibited 
by the agar gel and the cellophane. 

Because of the capillary action of the half-wet paper, we used the thread- 
technique described above (by which the initial zone width is only 2-3 mm), instead 
of the common methods with pipets, etc., which give unduly wide zones. In control 
experiment.s, spectrophotometric and titrimetric measurements showed that the 
quantity of solute transferred to the paper amounts to the portion present in 2.5-4 cm 
thread length, though only z cm is in actual contact with the paper. A disadvantage is 
that differences in diffusion velocities give rise to alterations in the ratios of the 
concentrations of the ions during their transport to the paper, e.g., in the original 
solution the ratio of Pea+ : Ag+ and Fe 3+ : POd3- was I : I but on the paper the former 
was I : I ,5 and the latter was I : 1.1. Finally it was found that the amount of solute 
transferred is hardly influenced either by variation of the humidity of thread and 
paper, the time of contact or the pressure applied to the thread. 

In spite of the precautions taken, the humidity of the paper cannot be fully 
controlled and the ions will not cover strictly equal distances in the various paper 
strips. Therefore the use of the Co 2+ ion as a reference standard for each strip appeared 
to be inevitable. The Co2f ion has been chosen as a standard because it moves rather 
quickly and is easily detected. However, this introduces the necessity of a preliminary 
experiment to determine the presence of Co2+ in the misture. 

For reproducible results, the electromigration time should be kept roughly 
constant. 

Most of the anions show only small differences in mobility and give rise to broad 
zones. This combined with the fact that anions are not easily detected, makes their 
analysis rather difficult. Though these objections are not fully eliminated it is better 
to avoid the possible disturbing action of the citric acid and use (NHJ2C03 as sup- 
porting electrolyte, a method described by LEDERER 4. We recommend this electrolyte 
also for alkali metals”9 5, Other groups that cannot be separated or distinguished by the 
method described are Al”-‘--Y3+-, lanthanides, and Sr2+-Ba2+. 

Though no relative mobilities are reported by EVANS AND STRAINS and by 

MUKERJEE 7, the sequence in their esperiments with restricted groups of ions is in 
general the same as the one reported here for the same supporting elecLrolyte. 
LEDERER" found a somewhat different sequence in I y0 citric acid. 
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As may be concluded from Table II the sensitivity of the method is not very high 
for some ions, e g. the alkaline earth metals, This can be esplained by the fact that 
the sample solution is diluted during the diffusion from the thread and the subsequent 
eleciromigration. Also there will be competition between the complex formed by the 
ions with the citric acid and the developing reagents. However, many ions can be 
detected in concentrations ranging from I :IOO to I : IOOO (w/v), and an esperienced 
analytical chemist may be able to detect even lower concentraticns. 

The oxidation reaction before application of o-tolidine should be performed 
quickly but carefully; too heavy spraying with 4N NaOH and too prolcnged treat- 
ment with bromine weaken the paper. This reaction for Cr3+ is not always reliable as 
the zones of Cr3+ and Co2+ coincide, and the presence of a rea.gent, used for the 
detection of the lat+er, interleres with the idLntif?cation of the former. For this reason 
no definite value for the relative mobility of Cr3+ can be given. It is advisable to osidise 
the Cr3+ to CrOd2- before the electromigration. The citric acid does not perceptibly 
reduce this ion during the esperiment, even at a hydrochloric acid concentration of 
z N, escept in the presence of Mn2+ or Ce3f. 

The excess of acid necessary to keep some ions (BP+, Sb3+, Sn4+ and TP+) in 
solution does not affect the relative mobilities of the cations. The mobilities of the 
anions are slightly lower because of the initially high ionic concentration and thus 
lower field strength in the anodically moving zones (see also EDWARDS). However, 
AUK+, moving principally as the chloroaurate (III) ion (as concluded from the 
appearance of chloride in the zone after precipitation of the metal), is IO O/~ faster in 
the presence of 2N hydrochloric acid. The effect of hydrochloric acid on Fe”+ is more 
serious. though; in 2N acid the relative mobility was nearly twice ,the original value. 
The sensibility to small local differences in hydrochloric acid concentration may be 
the cause of the corrugated appearance and trailing of the Fe”+- zone, and if I?@+ and 
Au3+ are present together with hydrochloric acid interference with the detection of 
some of the faster moving ions could occur. 

In conclusion, the composition of a sample, containing a misture of ions can be 
determined by the above technique within a short time. The method has been in- 
corporated in the students curriculum in this laboratory. 
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SUMMARY 

A method for qualitative analysis of mixtures of inorganic ions by paper electro- 
migration in I N citric acid at 30 V/cm is described. A thread technique for the ap- 
plication of the sample is described, which gives narrow initial zones. Thirty-eight ions 
are characterized by their relative mobilities with respect to the Co2+ ion and their 
colour reactions with spray reagents ; the sensitivities have also been determined. 
Analysis of mixtures by this technique is satisfactory and rapid. 
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