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INTRODUCTION 

It is well known that inorganic ctitions can be made to migrate to the anode by means 
of various complexing agents such ‘as halogen acids, organic hydroxy-acids &nd ,poly- 
anions. The result is often, a better, separation or differentiation ‘,where a ‘sbp&ation 
would be difficult or not at all possible in the cationic state. This subject’w’astreatdd 
&haustively in,:a recen’t up-to-date ‘publicationi. (: ‘. : !’ 

.::, !, f I,,! :; i 

In a previous articles some examples of separations of anodic,ally migrating cations 
were given. In fact, almost only the alkali metals in’a cationic state’ could be ,denion- 
strated to give such differential migration rates as to allow satisfactory ,resolution 
of their mixtures, A comprehensive bibliography of separations by paper’eIectrophd_ 
resis was recently publisheda. The use of a complexing agent ‘such as ‘ethyle~edi+mi,n& 
tetraacetic acid’ (EDTA) in solutions of varying’pH, the dependence’of the’ movement 
of metallic ions on the degree of di,&ociation of the anionic ‘complex& formed: ‘ori, the 
concentration of ‘ligand and pH conditions,’ were recently investigated arid,theoreti- 
tally discussed 4, The variable effect on’ the, sign of migration of the cbricentration 
of the background electrolyte was’ also reported briefly but convincingly!;’ ,Other 
authors describe’d, the strong ‘effect ,of pH on the ,migration behtiviour, of, inorgaiiic 
cations in the presence of organic complexing agents”. : ” .’ ‘: ;- : ‘.‘! 

‘It was.for these retisons that it was decided to search for non-comple.xing electro- 
lyte solutions less liable to be affected by slight variations in.‘conditions and tlius 
more suitable for routine experiments without the need for frequent’ rigorous st&iL 
dardization and checking. .’ ; 1:: 

. ,I 
EXPERIhNTAL 

..’ ,,’ ” ; 

,, ,; ‘8 : .‘,, , :,: I: 

Choice 01 baclzgroacna’electrolyte 
I : / ‘. I, : * 

Several guiding principles in the choice of ,electrolytes’or b,uffer’. solutions have ..to ‘ho,, 
observed ,’ Convenience .of prephration! assurance ‘of. ke’~rod~cb& ‘~13; ‘&k&& “Ci’,. 

pH; during. the elj?eriments, 
sufFrcient buffering pou,dr;, y& ‘is ‘,.il~di;d.& ,L.&!c;gI,,::.& 

, .( ,‘, ‘.: ” ,: (,. ,,,’ , “).:,,’ ..‘.J’,‘,’ 
.., ;._ 1,:’ ,;. 

.’ ), I. 
.;.,:; !:.!;‘!.;,j J,i,.,’ 

*’ The ‘&sults of’ this papor &X pr~sontd it ,Co& ‘&Am.; &‘Chi&&)~~?~$ ‘$,!q+m~~r 
zi’st, 1962’. ,’ ,” .’ 

\’ ;“. ‘,..“,,, ‘, : ,’ ,‘,, . ,<.I * . _‘.,,‘i 
‘. ,‘, !,’ 

“.’ ,. ‘; I’ ; J, Cltromatog., IO (1963) ,22F2& 
,, ." ,, 2 ; . ,/. ,, ., I .;;,a, :',,z ., 
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dissociation in aqueous solutions, non-toxicity, non-inflammability, economic price 
of chemicals and low degree of corrosiveness. Several of the points have an enhanced 
importance in ,the case of high-voltage electrophoresis requiring large volumes of 
solution. A strong ,electrolyte, such as :HCl or HBr :leads toi high. current density and 
correspondingly increased heat, generation, :making satisfactory control of esperimen- 
t&l conditions at high voltages~difficult: ’ 

: It. has:always (been the, author’s policy to find an ,electrolyte solution that could 
be made up conveniently and used for more than one group of compounds., irre- 
spective of their organic or inorganic nature. ‘For instance, a 0.05 M sodium tetraborate 
solution giving a pH of 9.2 can be used for the electrophoresis of sugars as well as 
of a_mino acids, even two-dimensionally’., Another electrolyte found very useful is 
an approx. 0.1 M ammonium carbonate solution’ of pH 8.9, suitable for alkali metals2 
and inorganic* as well as organic acid@. A 0.75 M solution of formic acid was previous- 
ly found to be suitable for amino acids; and other organic acids. A particularly great 
advantage of the latter two solutions is that they are capable of being removed from 
the dried paper by moderate heating. 

Some time ago an investigation was initiated to find possible applications in the 
inorganic, field for- the formic .acid solution, with particular reference tp the separation 
.of .Ca2+ ,from ,,Mg2.+, ,It was. soon discovered that both cations ,migrated towards ,the 
cathode at conveniently high and suf@ziently different- rates of migration to afford a 
clean se&u-ation, A systematic investigation of a great number of cations showed that 
nearly all behaved as cations under these conditions, and that they had, with few 
exc,eptions; quite interesting mobilities.Those that did not move were usually adsorbed 
or ratberprecipitated at -th,e base line. 

The’, measurements were, carrie,d put ,, using the previously described high-voltage 
apparatus.19 providing.speed;.precision and good reproducibility. Several I<+: and Zn2-+ 
spots distributed,,evenly on. each shkei were, used as refe,rence markers and several 
sucrose,spots_asmar&ers forelectro-osmqtic and .hydrodynamic flow effects. Cellophane 
sleeves, inte,rposed between ‘the ‘sheet .a.nd the connecting paper wads reduced the 
electrolyte ‘flowto, a. minimum,, ensuring thus sufficiently steady hydrodynamic con- 
ditions in theasheet. All distances:were measured from the front of the sucrose spot ,to 
the front of. the cation spot. In .view of the tendency,of some of the cations, to ,form 
irregular or.unduly elongated sp,ots, this was considered to be the ,most reasonable 
.a.nd dependable way ,of, measurement. The ,deduction due to electro-osmosis was 
generally small and not morethan 1.5 cm. The duration of the experiment at IOO V/cm 
,was 20 min for most cations. The alkali metals were also run for 15 min. The corre- 
lation between the.tresults-at ~5 and 20 rnin followed a linear relationship. The same 
applied to the potential-migration rate atid the *temperature-migration rate rela- 
tionsh$s, corresponding in the latter case to about + 3 %, per r” over the measured 
range of ,+5,“:;The me,an, temperature of the cooling water was ,taken as the tempera,- 
turo ‘of,,fhe paper’ sheet, ‘A fair as&n&on with the cor&ancy, of current &ring the 
ezi@$$-n&~ ‘,$$J&h’ ~~nica$& ‘of efficient ‘heat dissiljation ‘and steady condi&& Tlhe 
~doling~~std,~ czi;d,ei~c~~~~al ~~~~~;, thi?ou~l~i>ut’ were, so adjustk’d ‘that the syst~in, Was 

~t$i~,~~,,~,~ r~ather ,than:t.axed ,to the limit. Paper,s,hee+ of 72 in. _X 22 I/Z in. (Whatman 
No. .3 MM) ,’ allowing tlie application without mutual interference’ of 8-10 streaks” or 

: 
., 
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spots plus several marker spots were used throughout. Most applications were in the 
form of streaks, 2 cm wide. The reprqducibility of results was generally good and 
‘amounted to well within 4 o/o between individual sheets and better than that for rep- 
licates on the same sheet. The moisture uptake of the paper sheet at 1.5 lb./sq. in, 
was 140 oh (A 3 %), compared with the weight of the dry paper. ‘. 

The experimental conditions were consequently as follows: pH 2.0 (0.75 M formic 
acid solution), 100 V/cm,,6 mA/cm, 1.5 lb&l. in.. 20 min, II’ (mean temperature of 
cooling water), 140 oh moisture content. 

Reagents for detecting heavy and alkaline earth metals were (NH,)&3 or 8-hy: 
droxyquinolitie and;NH,<vapour, or better because of greater.sensitivity 8-hydroxy- 
quinoline dissolved in ‘eonc, ammonia solution 11, for alkali metals bromophenol ,blue 
in ethanol, and for (NH,)+ ninhydrin, which surprisingly was found to give a strong ., 

reaction with K’+ ,and Na-i_ and a: weaker one with Li+ and some of the alkaline earth 
metals.Testsindicated tl~;Lt this hitherto unreported reaction appeared to be based on 
some nitrogenous impurities in the paper, as test tube experiments failed to give this 
otherwise highly reproducible reaction. 

The results at pH 2.0 are summarised in order of valency in Table I. All figures 
are’ corrected for electro-osmotic and hydrodynamic flow effects, 

Although the migration rates of certain alkali metals at pH 8.9 had already been 
reporteds, it was considered desirable to re-measure more accurately. these and the ', 
rest of the cations as’ shown’ in Table I. The’results”confirmed more quantitatively the 
extremely small but real differences between Rb+, Cs+ and I<* and elucidated the’ .: 
fate of the alkaline earth metals in the system of ‘ammonium carbonate solution. 
The latter was made possible by using several detecting reagents ‘of which nin- 
hydrin (see above) proved very useful. ;.The .e,uperiments were run at +80 V/cm 
(4 kV), i.e. below the available capacity, of 5 kV, in order to avoid any possible’ 
over-heating or temperature rise during the experiment, The results are summarised 
in Table II. ,- “, 

It is interesting to note that only the mono- and divalent c&ions possess appre- 
ciable mobilities under these conditions. 

Relative Ilzigration’rates,of some a&ali saetak 

It is useful to compare’the results obtainecl for Rb+, Cs+ and I<+ with those published ‘. 

earlier?:: Migration: rates, relative to Rb+ = r.ooo, are shown in Table III. 
Considering that different equipment was used and the time interval between 

the two sets of measurements was about five years, the agreement appears to be 
quite satisfactory. The present apparatus affords better control of conditions and 
thus greater precision of measurements. 

Mobilities 

Since it was established that under the given experimental conditions electrophoretic 
migration was a linear,.fu_nction of potential and time and independent of the size or 
design of the apparatus, and that all the si&ificant physico-chemical factors such as-. 
temperature, moisture content of paper, conductance, and ~13: could be maintained do+ /‘,.i 
stant, it seemed appropriate to calculate absolute mobilities from the migration rates. 

,,; ~for’comparisdn.tijth corresponding figures quoted in the literature.Table Willustrates “:, 
the agreement’ between mobilities derived from measurements in paper-stabilized.: 

~',,...',;.: 
'- .a !..', ', J. Cl~~gmatog., ~0 (1963) +yo;:-; ,, .;.,, 
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COMPARISON OF MEASUREMENTS OP SOME RELATIVE MIGRATION RATES 
: 

Cation ~~IlhQ 
Previous vesulls 

filmI 
I'YCSMI1 rcsrrlfs 

I\‘enmrlts 

- -- 

I<+ o.g62 0.958 Apparatus of similar 
Rb+ I .ooo I .ooo design but different 
Cd- o.gSS 0.952 dimensions and precision 

- / 

I’: systems under varying conditions and the discrepancies between these figures and ’ ::, 
.,i:!, those derived from conductivities at infmite dilution. ., ,’ 
.:, 
: ,” Although the agreement between previous and present results was fairly good 
?.,‘and the discrepancy, due to the tortuosity factor, between mobilities as measured in .: 
:;:I paper-stabilized systems and in free electrophoresis was of the expected order of 
j:: ‘magnitude, some figures seemed to be outside the limit of error and consistently 
;.:‘:higher. It was then discovered that there was a measurable effect due to the machine 
I:> ‘direction or arrangement of the cellulose fib&s in the paper. The effect of this on the ,.>I. 
!i:;$low. of solvent in paper chromatography is well known, but it was not suspected to 
,I “1. affect the mechanism of paper electrophoresis. :, ‘,‘, ‘. ., 
.t)..: An, additional tortuosity effect 
_‘. *, 
,!;,:It was found that cutting the paper sheet in the machine direction produced under 
.~.,the given conditions consistently higher results when compared with those obtained 
:::::.,by cutting the paper across the machine direction. The differences were always 
I!? ,significant though varying with the batch of paper, between 4 and IO o/O. There was 
$?also a noticeable difference in the current flowing through the paper, the sheet cut _/, 
,‘: : .,along the machine direction requiring more current. The results in Table V demon- 
‘::, &rate the magnitude of the effect found when measuring some inorg,anic and organic 
!l”ions of varying mobilities in certain batches of paper after having established the 
::‘:machine direction. 
;. ‘. 
/: The existence of this migration-retarding effect was only discovered because of 
I;.;,the high reproducibility of the mobility measurements. Any discrepancy greater 
::. : than 3 y. was suspect and electrical, timing and cooling conditions were checked 
1, . 

,‘. TABLE IV 

‘5 

,, 
COMPARISON OF, IONIC MOBILITIES 

(in cma V-l XX-~* loa) 

?/ 
.,: ,, 
‘.‘y - xc+ 32;32 31.83 :.:. \ ,‘, Rb+ 

33.02 44.G 
- 

: j .’ 
;;::Z 

33.08 34648 67.5 .,,::: cd- - 
:;;:.y 33.04 

BILL+ 
33154 6S,o 

- 
$;.” - 22.66 

:I::.’ Lit 
24.06 

16.51 1715 
43.4 1 

- - 
,;:z. ! ,_‘. Cl- 32.65 31.6 ,. + -. - 
I’.,. i: 

36;::: 
i’ ‘. ~ J 
:i? k.‘.‘. 
L$,~,.;,:; 
$$f ,:@ :. $T;yiyr~,,*% !-.’ ‘; c’:..‘,, i ‘.,,. ‘;,. ., . 
@ii>,i ‘: ‘, “, ,:. ,,‘, 

:.‘.‘,I : i.,: ‘, 
‘I” J. Cbvomnlo~.. 10 (1963) 22r-230 
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TABLEV _, . . ,. .:. 

TORhJOSITY EFFECT “, ‘, ” . . .’ 

(Due to machine clirccf;i?n of payer) ,, ,. ,’ 

Papcf batch A Paper .balcIr B Czrwcm? nrA/ctn Paper balch C 

across ~ZJlO#lg 
M.D. 

r acrdss along, 
M.D. M.D. aciosi along .’ across ; aloug ‘,&*&s 

M.D. M.D. along 
(C?IQ (ha) (cm) A1’D’ M.D. M.D. 

fcmJ ,’ (cm) CW M.D. N.D. 

,‘. 

(NI-I.J+ 31.2 35.5 31.5 33.5, 60 G,$ s IO 
K-l- 30.6 34.7 3=*3 33.3 
Na+ 

31.25 32.0 

,Li-l- 
21.7 24.55 22.4 24.0 22.4 
x6.4- 18.4 16.7 18;3 ,16.7. 23*1 I’ ‘1 

.Lysinc , 
17.3 

23.4 15.2 14.0 15.2 

Alanine 
i. ; 

acid z-z 
9.75 

se95 ’ 6.65 :,’ 

” .,’ ,,.: :., 
.., 

8’ : 
. / .’ 

immediately. A’s long as batches of paper .were cut by sheer routine or chca.nce in. 
the same ‘way, no discrepancies’ were’ bound to appear. c But ‘once ,the routine was 
reversed or a,batch was particularly bad in this respect,. the differences called for an’ 
investigation, ,’ ‘, .( ,., , ,,, :. ‘t.,.: 

Whether this effect is simply, due to an extended tortuous path, caused by a 
different arrangement of the ccllulose~fibres with’respect to the direction of migration, 
is at present difficult to decide. Although,,the,. trend of the current consumption would 
support the assumption that’thc electrical resistance is corres$ondingly affecled, the 
actual differences appear to be rather too high for a strict correlation. . a’ ~ 

.j : ., i 
,’ ,,, ‘. 

DIS(-JUSSION : ,, ,‘< .._ I.,,, :’ 
,: ‘, ’ 

High-voltage ‘paper electrophoresis shoulcl. be particularly useful for,” separation of 
inorganic ions because of their relatively high rates of migration and the avoidance 
of disturbing diffusion effects during th,e e,xtremely’~short runs at high-potential 
gradients. ,It should be, possible, ,to make use’ of very !sniall differences in. mdhilities, 
provided’suitable background electrolytes can be found to give maximal diffcren- 
tiation and,Sthus optimal resolution. 

A systematic investigatidn of background electrolytes, involving the’ measure- 
me’nt, of migration rates of a great number of inorganic cations under the rigor&sly 
controlled conditions of a’ suitable precision high-voltage apparatuslo, established 
the usefulness of an electrolyte solution consisting of a 0~75 M formic.acid solution‘of 
pH 2.0. Under these conditions‘,most cations migrate to the’,cathode’ at varying: rates, 
offering- many interesting ‘separation possibilities. Migration ,rates in, this electtiolyte 
and in an approj60.1 ~M’.ammonium carbonate solution of pH 8.9 were measured. 
Nobilities in paper-stabilized ‘systems for’ some ions were :calculated and compared 

‘with theoretical mobilities. An unknown ‘additional tortuosity effect’, was: observed 
‘and measured. 

It would appear that the: potential applicability ‘of the technique of.‘paper elec- 
trophoresis to’ problems of, inorganic chemistry is far’ from exhausted.’ Wigher .&an- 
dards of precision of measurement ,and better control of experimental con’ditions 

J. Cirrom~tog,, rci ,( xgGj) 22x--i30 
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could lead to more examples of exploitation of even very small differences in mobili- 
ties. The advantage of the formic acid solution is that the time for some separations 
has been reduced to one-third’, i.e. a few minutes. 
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SUMMARY 

Conditions were investigated under which most inorganic cations are non-complexed 
and migrate at varying rates tqwards the cathode. A background electrolyte con- 
sisting of a 0.75 M formic acid solution of ,pH 2.0 was found particularly suitable for 
this purpose. Another electrolyte solution, viz. an approx, 0.1 M ammonium carbonate 
solution of pH 8.9 was again thoroughly investigated for the migration behaviour of 
many. cations. The-measured migration rates were tabulated and mobilities calculated 
and compared. A news tortuosity,effect was,observed. All measurements .were made, 
using a : previously . described high-voltage apparatus10 of, ample precision ensuring 
good reproducibility of results. 
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