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INTRODUCTION

It is well known thati morga.nlc cations can be made to mlgrate to the anode by means
of various complexmg agents such as halogen acids, organic hydroxy-amds and’ poly- ‘
anions. The result is often a better separation or differentiation where a separatlon
would be difficult or not at all possible in the cationic state Thls sub]ect was treated ‘
exhaustively in‘a recent up-to-date pubhcat10n1 R Am T

Inaprewous article2some examples of separatlons of anodlcally mlgratmg catlons .
were given. In fact, almost only the alkali metals in'a cationic state could be ‘demon- -
strated to give such differential migration rates as to allow satlsfactory resolutlon
of their mixtures. A comprehensive bibliography of separations by paper. electropho- s
resis was recently pu,bllshed3 The use of a comple*cmg agent such as ethylened1am1nc- .
tetraacetic acid (EDTA) in solutions of varying'pH, the dependence of the movement
of metallic ions on the degree of dissociation of the anionic complexes formed, on the .
concentration of ligand and pH conditions, were recently investigated and: theoretl-
cally ‘discussed?, The’ variable effect on the sign of migration of the concentration
of the background clectrolyte wasalso reported briefly but: convmcmgly5 ‘Other
authors described the strong effect of pH on the mxgratlon beha.vmur of 1norgan1c
cations in the presence of organic complexmg agents". RN a4 £

‘It was for these reasons that it was decided to search for non-comple*cmg electro- :
lyte solutions less liable to be affected by slight variations in’conditions and thus
more suitable for routine experiments w1thout the need for frequent mgorous stan- -
dardlzatlon and checklng R ‘

- EXPERIMENTAL |
Choice of backgrozmd electrolyte P ‘ ST e ]

Several guldlng prmc1ples in the choice of electrolytes or buffer solutmns have to be,lf
observed. Convenience of preparation, assurance of reprodumble pI—I steadlness? of
g pH durmg the e*cperlrnents sufﬁment buffermg power, low to medlum deg ‘ :

‘nst 1962, R A
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dissociation in aqueous solutions, non-toxicity, non-inflammability, economic price
of chem1cals and low degree of corrosiveness. Several of the pomts have an enhanced
1mportance in the case of high-voltage electrophore51s requiring large volumes of
solution. A strong electrolyte such as :HCI or HBr leads to: high current dens1ty and
correspondmgly increased heat generatmn makmg sat1sfactory control of e\'jperlmen-
tal conditions at high voltages dlfﬁcult
- It has: always been the author’s policy to find an- electrolyte solut1on that could
be made up convemently and used for more than one group of compounds, irre-
spective of their organic or inorganic nature For instance, a 0.03 M sodium tetraborate
“solution giving a pH of 9.2 can be used for the electrophoresis of sugars as well as
of amino acids, even two- d1mensmnally7 Another electrolyte found very useful is
an approx. o.r M ammomum carbonate solution of pH 8.9, suitable for alkali metals?
and inorganic® as well as organic acids® A o.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 partlcular reference to the separatmn
of Ca?+ from Mg2+ It was soon dlscovered that both cations migrated towards the
cathode at convemently high and sufficiently different rates of migration to afford a
clean separatlon 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
exceptions, quite interesting mobilities. Those that did not move were usually adsorbecl

- or. rather prempltated at -the base llne

M easurament of ngmtzon mtes at {)H 2. o

The measurements were carned out using the prev1ously described high- voltage
apparatus10 providing speed; precision’ and good reproducibility. Several K+ and Zn2?+
spots distributed .evenly on each sheet were. used as reference markers and several
sucrosespots as markers forelectro-osmoticand hydrodynamic ﬂow effects. Cellophane
'sleeves interposed between the sheet and the connecting paper wads reduced -the
electrolyte flow:to a. minimum, ensuring thus sufficiently steady hydrodynamic. con-
ditions in the sheet All dlstances were measured from the front of the sucrose spot to
the front of the cation spot. In view. of the tenclency of some of the cations to form
1rregu1ar or unduly elongated spots, this was considered to be the most reasonable
and dependable ‘way of measurement. The. ‘deduction due to electro osmosis was
generally small and not more; :than 1.5 cm. The duration of the experxment at Too V/cm
‘was 20 min for most cations. The alkali metals were also run for 15 min. The corre-
lation between the:results-at r5 and zo min followed a linear relationship. The same
a.pplled to the potentlal-—mlgratlon rate ancl the . temperature—mlgratlon rate rela-
t1onsh1ps, correspondmg in the latter case to about - 3 % per 1° over the measured‘
range of 6-—15 . The mean temperature of the coohng water was taken as the tempera- ;
ture ‘of the paper sheet a fair assumpt:on with the constancy of current durlng the‘ ,
‘experunent as an 1nchcat1on of efficient heat dlsmpatlon and steady cond1t1ons The _
coohngsystem andelectrlcal energy’ throughput were so ad]usted that the system was
| underrun rather than taxed to the limit. Paper sheets of 121in. X 22 1/2in. (Whatman -
No 3 MM), allowmg ‘the apphcatlon ‘without mutual 1nterference 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 reproducibility of results was generally good and
‘amounted to well within 4 % between individual sheets and better than that for rep- 2
~ licates on the same sheet. The moisture uptake of the paper sheet at 1.5 1b./sq. in. "
~was 140 % (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), roo V/cm, 6 mA/cm, 1.51b./sq. in., 20 min, 11° (mean temperature of -
“cooling water), 140 % moisture content. ’
Reagents for detecting heavy and alkaline earth metals were (NH,,) ¢S or 8-hy- .
droxyquinoline and.: ‘NH ;-vapour, or better because of greater sensitivity 8-hydroxv~»
qumohne dissolved in conc. ammonia solution!!, for alkali metals. bromophenol blue
in ethanol, and for (NH,)+ ninhydrin, which surprisingly was found to give a strong .
reaction with K+ and Na+ and a weaker one with Li*+ and some of the alkaline earth
metals. Testsindicated that this hltherto unreported reaction appeared to be based on"
some nitrogenous impurities in the paper, as test tube experiments failed to glve th1s N
otherwise highly reproducible reaction. .
| The results at pH 2.0 are summarlsed in order of valency in Table I All ﬁgurcs' :
are corrected for electro-osmotic and hydrodynamlc flow effects.
Although the migration rates of certain alkali metals at pH 8.9 had already been o
~ reported?, 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 K+ and elucidated the -
fate of the alkaline earth metals in the system of ammonium carbonate solution. .
The latter was made possible by using several detcctmg reagents of which nin-
hydrin (see above) proved very useful. The e*cpenments were run at+8o V/cm |
(4 kV), i.e. below the available capacity of 5 kV, in order to avoid any possible
over-heatmg or tempcrature rise durmg the experiment. The results are summarised’ :
in Table II. : :
Itis mterestlng to note that only the mono- and divalent cations possess appre- E
ciable mob111t1es undcr these conditions.

Relatwe amgmtzon mtes of some alkali metals

- It is useful to compare ‘the results obtained for Rb+, Cs+and K+ with those publlshed i
' earller2 ‘Migration rates, relative to Rb+ = 1.000, are shown in Table III. :
’ Considering that different equipment was used and the time interval betwecn‘- i
the two sets of measurements was about five years, the agreement appears to be -
- quite satlsfa.ctory ‘The present apparatus.affords better control of conditions and' ‘
thus greater precision of measurements. -

Mobilities

Since it was established that under the glven e*cperlmental conditions electrophoretlc )
xnlgra.tlon was a hnear function of potential and time and independent of the size or
design of the a.ppamtus and that all the srgnlﬁcant physico-chemical factors such as.
- temperature, moisture content of paper, conductance, and pH could be maintained con-".
stant, it seemed appropriate to calculate absolute mobilities from the migration rates
~for compmrrson w1th corresponding figures quoted in the literature. Table IV illustrates
N the agrecment between mobilities derived from mcasurements in paper-stabﬂved.}"}}’
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TABLE I1I
COMPARISON OF MEASUREMENTS OF SOME RELATIVE MIGRATION RATES

. Mpo Mpy >
Cation I’rcvia-usf resulls Present resulis Remarks
K+ 0.962 0.958 Apparatus of similar
Rb+ 1.000 I.000 design but different
Cst 0.988 0.982 dimensions and precision

’

systems under varying conditions and the discrepancies between these figures and
those derived from conductivities at infinite 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
paper-stabilized systems and in free electrophoresis was of the expected order. of
‘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
‘direction or arrangement of the cellulose fibres in the paper. The effect of this on the
i flow of solvent in paper chromatography is well known, but it was not suspected to‘
affect the mechanism of paper electrophoresis. :

Amn addztwnal tortuoszty effect

It was found that cutting the paper sheet in the machlnc direction produced undcr
‘the given conditions con51stent1y higher results when compared with those obtained
by cutting the paper across the machine direction. The differences were always
significant though varying with the batch of paper, between 4 and 10 %. There was
‘also a noticeable difference in the current flowing through the paper, the sheet cut
long the machine direction requiring more current. The results in Table V demon-
‘,,strate the magmtude of the effect found when measuring some inorganic and organic
-ions of varying mobilities m certain batches of paper after having esta.bllshed the
. machine direction.

o The existence of this mlgratlon-retardmg effect was only discovered because of
.the high reproducibility of the mobility measurements. Any discrepancy greater
.‘than 3% was suspect and electrical, timing and cooling conditions were checked

.

TABLE 1V
COMPARISON OF IONIC MOBILITIES
(in cm?2 V-1 gec~1- 10%)

Mobilities (in paper) at 11° Mobilities!?

: (free
Ton Previous vesulis®H® Present results clectrophoresis)
at 18°(from
pPH 2.0 ‘ pH 8.9 K Ph 2.0 pH 8.9 conduciivities)
—_ 32.32 31.83 33.02 64.6
— 33.56 - 33.08 34.48 67.5
— 33.16 33.04 33.84 68.0
—_ —_— 22.66 . 24.06 43.4 ‘
- — ‘ 16.81 17.5  33.4 et
32.65 316 - —_— 655 .

J. Chromatog., 10 (1963) 221-230



. HIGH-VOLTAGE PAPER ELECTROPHORESIS OF CATIONS

229
TABLE V
. TORTUOSITY EFFECT .. . Ll
(Due to machine direction of pa.rer) :
PH2.0 ;o pH 8.9
Condmons rooVfem, 13° rs mm Conditions: 8o V[em, 13°, 20 min

; Paperbaich A ' PaperbatchB ~ Currentmdfcm  PaperbalchC Current md [cm
on -
oL U across. - along . across - along oo Soacross . alomg i oo S v
M.D.. M.D. M.D. MDD across along M.D.. MDD, 0cross © along
Sfem) fem) ‘(cm)- fcm) ' M.'D' M.D., Sofem) O fem) MﬂD“v' »M':D' :
(NH,) 31.2 35.5 3I1.8 .33.8, 6.0 6.7 8 10
K 30.6  34.7 31.3 33.3 31.25 32.0
Na+ 21.7 24.55 = 22.4 . 24.0 22.4 23.1
LAt . 16.4- - '18.4 16.7 - 18.3 " ‘16,7 17.3
Lysine . 13.4 15.2 140 ... I5.2.. y
. Alanine . 8.75 9.75 . 9.0 9.75
Glutamlc ac:d 6.65

.'5.95 6.65 6.1

immediately. ‘As long as batches of paper were cut by sheer routine or chance in
‘the'same ‘way, no discrepancies  were bound to appear.: But once -the routine was
reversed or a batch was partlcu] arly bad in this- respect the dlfferences called for an'
investigation. B
Whether this effect ‘is simply. due to an extended tortuous path caused by a
"different arrangement of the cellulose fibres with respect to the direction of mlgratlon,
is at present difficult to decide. Although the trend of the current consumption would
support the assumption that the electrical resistance is correspondmgly 'lffected the
actual dlfferences appear to be r'l.ther too hlgh for a strlct correlatlon

DISCUSSION

I-Ilgh-voltage ‘paper electrophoresm should . be partlcularly useful for separatlon of
inorganic ions because of their relatively hlgh rates of migration and the avoidance
of disturbing diffusion effects during the e*ctrernely 'short runs at hlgh-potentlal
gradients. It should be _possible to make use of very small differences in. mobilities,
provided suitable background electrolytes can be found to gwc ma.x.lmal d1fferen-
tiation and thus optimal resolution. '

A systematic investigation of background electrolytes mvolvmg the measure-
‘ment of migration rates of a great number of inorganic cations under the rlgorouslv_
controlled conditions of a suitable precision high-voltage apparatusl?, established
the usefulness of an electrolyte solution consisting of a 0.75 M formic acid solutlon of
PH 2.0. Under these conditions most cations migrate to the cathode at varying rates,
offenng many mterestmg separatmn poss1b111t1es Migration rates in: this electrolytc,

and in an approx ‘0.I"M ammonijum ‘carbonate solution of pH 8.9 were measured.

Mobilities in paper-stabilized systems for some icns were calculated and compared
“with theoretical moblhtles ‘An’ unknown ‘additional tortu051ty effect was observed
“and measured.
, ‘Tt would" appear that the potentlal apphcablhty of the techmque of paper elec-
' trophoresxs to problems of inorganic chemistry'is far from exhausted. Higher stan-
dards of precision of measurement and better control of experimental conditions

J- Clwom”atdg. , 16 (1963) 25;—'-530 ‘
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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 tlme for some separations
has been reduced to one-third,; 7Z.e. a few minutes.
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SUMMARY

Conditions were investigated under which most inorganic cations are non-complexed
‘and migrate at vairying rates towards 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
solut1on 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 new: tortuosity effect was observed. All measurements were made,
~using a ‘previously . described high-voltage a.ppara‘cus10 of ample precision ensuring
good reprodumblhty of results :
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