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A tbeory for kinetically labile complex equilibria in isotachophoresis has bee~n 
described for the purposes of computer simulation. Simulated ratios of potential 
gradients, & = E&/EL, have been ob’&ed for Ca’ l and tartrate ions coexisting with 
calcium tartrate complexes. The simulated values agreed well with the observed ones 
and the validity of the simulation has been con6rmed. The simulation can be used for 
the determination of optimal separation conditions and also for the estimation of 
stability constants and/or mobilities of complexes. 

INTRODUCTION 

The theory of isotachophoresis in the steady state has been dealt &th by 
several authors. The most general equations have been derived by Everaerts et a/_‘, 
and these can be applied to many practical isotachophoretic systems. However, com- 
plex ion-pair-forming equilibria have not been taken into account. 

The utility of complex-forming equilibria in isotachophoretic analysis has been 
proved for the separation of ions, which is d.i&ult in normal electrolyte systems. 
B&k et QL’ reported the separation of chloride, bromide and iodide ions in the 
complex-forming equilibria with Cd2 +, and the separation of several organic acids in 
the equilibria with Ca2 +, etc-, has ‘been reported by Kanimsky and Everaerts3. Re- 
cently, the tectique has also been utilized for the separation of lanthanoids4_ 

The success of such separations depends on the kind of complexing agent used, 
its concentration, the pH of the leading electrolyte and the concentration of the 
leading ion. Therefore, the choice of optimum conditions may be often difFicult with- 
out any theoretical estimation of isotachopherograms 

The object of this paper is to derive the detailed theoretical equations for the 
complex-forming equilibria in isotachophoresis, which would enable practical com- 
puter simulation at the steady state for a choice of the optimum separation con- 
ditions. To test the theory, simulations were carried out for both anionic and cationic 
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analysis in the calcium tartrate complex-forming system, and the simmated ratios of 
potentiaf gradient of the sampIe zone to that of the leading zonq RE, were compamd 
with the observed values under severaI conditions. 

THEORE?XXL 

Electrolyte system 
For the establishment of the steady complex-forming cquihbria, the sample 

zone requires the continuous flow of a compIexing apent from the leading zone into 
the succeeding zones. Therefore, the compIexing a-gent should be con&& in the 
leading electrolyte and should be of opposite charge to the sample ions The compkx- 
ing agent, in some instances, may have pH-buffering abiJity under the operational 
conditions, i.e., if the p& of the complexing agent is approximately equaJ to the pH of 
the leading electrolyte, pH,_ Hokever, if the desirable pH, is di&re.ut from the pry 
value of the compiexing agent or cannot be achieved due to knit&on of the optimal 
concentration of leading eIcctroIyte, a pH-bufking agent must be added to the 
leading efectrolyte- In the. present case- the theory is descriid for anionic anaIysis, 
and it is assumed that the buffe=kg ion has no complex&g ability for the sample ions 
On the other hand, in cationic analysis, an anionic counter ion with compkx4~p 

and pH-buffering ability is assumed. Such an electroiyte system is useful where the 
formed compIexes are very labi!e, as in the separation of Ba, Ca, Na, Zn, Cd and Cu 
by the use of a KOH feading eIectroIyte buffered by added acetic acid1*5. By the ap- 
propriate combination of the derived equations, the CompIex-forming system with the 
counter ions of both the complex-forming reagent and bulking ions can he trea*ed 
simuItaneousIy. 

Under steady isotachophoretic equilibria, the following conditions shauId de 
satiskd in the leading and the subsequent zones: (1) ekctroneutrahty; (2) mass bal- 
ante of counter ions (the compIexing and the p&buffering ions); (3) equality of 
migration veIocity of the zones (For this it is desirable that the ekctric current be kept 
constant during the migratior+); (4) the establishment of the compk-forming 
equilibria is rapid enough to enable electrophoretic migration of a homogeneous 
sample zone_ 

Although the leading ion, I.+ used is usually a monovalent ion such as K* or 
Cl-, it was treated as multivalent ion to give a more general expression, The pH- 
buf%ering ion, B, and ffieadded metal ion, Iv% for anionic anaIysis, were ako treated as 
poIyvaIeat ions. it RZ assumed that compIex formation does not occur in the leading 
zone_ In practice,.a decrease of the effective mobility of the kading ion is undesirabIe, 
since the increase in the step-height of the sample zone may sometimes be cancekd 
out_ The dissociation equilibria in the Ieading zone can be expressed as 

: -- j=i*E 



&fzrenamiZareEhe -of &sociable. bydrogens and the maximum charges of 
the E, B tid M ions, respectively_ Fdr anionic species, the &mum charge is zero. 

‘I&Z efecE~&u~raiity relationship mnst be satis6ed in every zone, and for the L 
ToE it‘can be eqress& as 

2 (Z, - r’) c&+_ = 0 (4) 
i=o 

where &L-i is the concentration (mole/I) of the sub-species of the L. ion with charge 
Z, - i, CzB_i.L that of the B ion withcharge Z, - i in the L zone and Czy_iSL that of 
the M io= with charge Z, - i C=., and Co,, are the concentsation of H T and OH- 
in the L zone: in the extxme pH region, i.e., pH -=z 3 OS pH > 1 l, their contributions 
.to the spe&fic conductivity of the zone are very large and sometimes Ehe isotachopho- 
retie equilibrium could not be established_ 

The sub-species concentration of L, B and IM ions can be expressed using the 
corresponding total conce~tratioas, equilibrium constants and CH_L, for example 

where E&vi is the successiue acidity constant of the M ion for the equilibrium in eqn. 3, 
and C&L is the total concentration- Replaciq the subscript M in eqn. 5 by L or B 
giveS.hecorresponding equations for the E or B ion. Then, the electroneutrality (eqp_ 
4) can be expressed in terms of the total coucentrations instead of the sub-species 
concentratioons. En the practical ca.~ that C,, ctSL and CSVL areknown at the prepara- 
tivc stv of the leading electrolyte, tke total concentration of buffering ion, &_ can 
be estimated by 
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concentration of the common buffering ion in the subsequent zones by the us& of the 
mass balance equation’. It is closely related to the pH of the subsequent zones. 

The SUEX’RSS -ve disstiiation constants k eqns_ 5 and 6 should be those at the 
fin& i&c strength in the L.zotie. Thus, the thermodynamic constqts are corrected 
by the Use of activity coefficienk of the T&qdtuents, whicli c+n be est.&it& -by 
i&g the calculated -ionic stre+h into the Debye-Hkkel equatior&‘_ For this 
correction, the sub-species concentrations of L, B and AM ions are calculated. Kterative 
correction gives the constant concentrations of the leading constituents. 

The effective mobilities, nT, of the leading, buffering and complexing‘ions are 
necessaq for the evaluation of then concentrations of the 
sequent zone. For example 

constituents in the sub- 

(7) 

where mz, and R+,_~ are the correckd mobiiities of the leading ions with charges 2, 
and 2, - i: The corrected mobility was obtained by insertiug the absolute mobiities 
and the cakuiated ionic strength into the Onsager equation*, which can be-applied to 
an isot+chophoreticaI electrolyte system of concentration ca_ O-01 M_ For anionic 
species, mzL is zero. Repiacing the subscript L in eqn. 7 by B or M gives the corre- 
sponding equation for B or M ions. 

For the estimation of the potential gradient in the L zone, the specilk conduc- 
tibity, ziL, is necessary and it is expressed as 

KL =- cH.LmH + cOH.LmOH i=o 

where ??zH and moH are the corrected mobiities of Ht and OH- ions, and F is the 
Faraday constant_ Then, the potential gradient of the leading ion, E,, can be ex- 
pressed as 

EL = 1ooo.t / KLF 

where J is the current density in the separation compartment. 

(9) 

Sampk zone 
Imagine ti compIex-forming equilibrium between anionic sample, S, and metal 

io%~M, as the counter ion., for example, ta+ric~ acid and Ca2 l _ When the M ion with 
maximum charge Z,, i.e., Mzu, can react with the sub-species bf sample, the chemical 
equilibria ia the S-zone can be written as 
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where ns_is the number ofdissociabie hydrogens of the S ion and Z, is the maximum 
charge, in this case, Zero_ In addition to the above equilibria, eqns. 3 and 3 must also 
be taken into account. The elEctive mobility of the S ion can be described using the 
mobility and concentration of the cotktituents, as follows 

f Gsl (12) 

where CZs+ is the sub-species concentration of noncomplexing sample, C, that of 
complex, m the corrected mobilitics and the superscript t indicates the total concen- 
trations of the subscripted constituents. The mobilitk of complexes, m, are usually 
smaller than ms, as expected from the decreased charges, therefore-the higher the 
concentration of MS, the lower is the effective mobility of the sample. The concentra- 
tions of complexes are uniquely detined by the conditions and the stability constants 
of the formed complexes_ The concentrations of the constituents in the steady state, 
however, are not available at the initial stage of calculation. The correct pH in the S 
zone, and hence the concentration of the constituents, can be obtained after iterative 
calculation to fulfii the steady-state condition, as described later. Then., the other 
expression for Hs using already known physico-chemical constants is necessary for 
the smooth convergence to self-consistent state in computer simulation, it follows 
that 

(13) 

where KsJ is the successive dissociation constant of sample S, Ks6s,j the stability 
constant of the formed complex MS, Czd the concentration of M ion with maximum 
charge z,, Cu, the proton concentration in the S zone and tll is the corrected mobili- 
ty. In eqn. 13, the concentration Cz, still remains and i: cau be expressed as: 

(14) 

Then, ifthe total concentration of non-complexing M ion in the S zone, C&, and C,, 
are known, @ cau be evaluated_ The total concentration, C&, is controlled by the 
following equation derived from the mass balance equationdescribing the complex- 

- Gs = 

(- if KM,pIG.S 
p=l II (15) 



where tiMA is the effkctiwz mobility of de compkxing counter ion in the IL zone, 
which can be evaluated by a similar equation to q-7, and rii-,k *&at_% the S zonG 
which can be expressed by a sin&r equation to eqn. E3 considering the complex 
format&n withsample ions as follows: 

In eqn 15, theeffective mobility, m;, appears a,&n. Combining eqns. 13,14 and 15, a 
_ _ 

complicated quadratic expression for I& may be obtained, however, thts 1s not neces- 
sary for the numericA cakutation in theiterative procedure. Thus, if the initial v&es 
of the @-I of the zone and C,, or C, are known onecan obtain an initial value of ni; 
by equ. 13, and in the subsequentstep of the iteration, Cz& estimated by eqns- 14 
and 15 can be employed for the evaiuation of 6. Simiiarly, an initial value of Czs or 
Cs is necessary for the eva4uation of fiMs- If the quadratic equation for es is used, a 
procedure for Q -scriminating the physic&y incorrect soh.ttions is necessary. There- 
fore, the present krmnlation is _pr&erabie for &computation of Es. 

The to& concentration of buffkr; C,, which is closely related with the pH of 
the sample~zone, can be express& by the following equation derived from the other 
mass bahince equation 

where rZ& G she elective mobiity of the buffering ion in the S zone. 
fn order to obtain ffie total concentration of the non-comp~exing (free) SampIe 

ion, t”s, the.ekctroneutrality relationship in the S zone is necessary, as follows: 

c H.S - c OtiSf-F (2, - 
i=O 

zl cZm-i.S + 2 (2, - 
i=O 

0 c*,-i.S + 

S (& - 9 Czs_i f ;J” (& + Z, - iI C&Stu+Zs-i = O (18) 
i=O f=G 

The canceatration ofcompkxes, CWS; can be expressed using c$ (eqn. 15 and Ck as: 

(19) 



( 
i 

(ZS - 9 Ii KS.jIcH.S 
j=1 )I 

KS.jicHS Y 

If the pH of sample zone is known., the sub-specks concentrations of the zone 
constituents can be evaluated, and hence the ionic strength of the S zone. 

The specifk conductivity of the S zone is as follows: 

Then the potential gradient of the S zone can beevaluated using a similar equation to 

eqll. 9. 
In the case that the buffer ion also acts as a complexing agent, the following equilibria 
in cationic analysis can be set up instead of eqns. 10 and I1 

[S(OH)J+i + HZ0 Z+ H+ -i- [S(OH),JZS+: i = 0, 1. ___ _ lzs - 1 02) 

j=;: ‘_ 

S=s + [H, _ .Bf+i - 
~6 J 

_ [SH=,_jB~izm-i: j = 1, 2, .__ tz, (23) 

where Szs is the sample ion with maximal charge 2s. Eqn. 23 may represent the 
equilibria of a metal ion, SZs, forming complexes with acids. The elective mobility, tis, 
is obtzined by replacing subscripts M and MS in eqn. 16 by B and BS, respectively. 
Similarly, appropriate change of the subscripts in the preceding equations gives a set 
of equations for the ekctrolyte system. The ,totaI conc=tration of non-complexing 
buffer ion can be expressed as follow 

Ca, = (Right hand of eqn_ 17)/ 1 f Czs 

(24) 
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Detemlination of the pH of the sample zone at steady state 
The pH of the S zone differs from that of the L zone, and only at a certain pH 

of the S zone are the isotachophoreticaI conditions fmed and the steady complex- 
forming equilibria ahowed. 

The correct pH of the S zone can be determined by the following procedure. 
Since the current density, J, is kept constant in the separation compartment during 
migration, and the density of the leading zone equals that of the sample zone, the 
folIowing equation is vaiid: 

KKWJ/F = ErlcL = E&s = Q (25) 

The amounts expressed by eqn_ 25 for the L and S zones are denoted as QL and Q,, 
hereafter. If these zones migrate with the same velocity, v, then the following relation 
is vaIid: 

Y = EL& = E& WI 

The eIectroneutraIity of the zones and the mass baIance equations for counter ions 
have alqady been taken into account when the specific conductivity was evaluated. 
Therefore, the estabIishment of the following relation’ provides a measure of the 
steady state: 

RF-Q = QJQs - 1 = n&~&fi~+) - I = o f27l 

in practice, the first stage of the iterative calculation was carried out using several 
assumptions: (I) the pH of the S zone is equaI to that of the L zone; (2) the ionic 
strength of the S zone used for the correction of mobility and p& is equal to that of 
the L zone; (3) the tota concentration of the comptexing counter ion and sampie ion 
-is equal to those of the L zone. At this stage, the value of fZFQ was never zero, and 
subsequently, the overall caIcuIations for the S zone must be repeated, varying the pH 
appropriately without use of the above assumptions. In anionic analysis, the pH was 
increased, k<ce veria for cationic analysis. In the course of iteration, the absolute 
mobility, thermodynamic dissociation constants and stability constants werecor- 
rected to the values at finite ionic stren,@h, and the effective mobihties and the concen- 
trations of the constituents were evaIuate& Also, if R.FQ was zero at a certain pH, in 
practice 1 RFQI -c 5 - IO-‘, the overall calculations were again carried out using the 
same pH to confirm seEconsistency of the caIcuIated results. lf the relation 1 RFa c 
5; IO-” was again satisfied, the iteration was terminated. This required the overall 
calculations to be repeated 15 to 30 times by our program. 

Thus; the observable qualitative indexes, the ratios of the potentiaI gradients, 
RL, or specific conductivities of the separated zones in the steady state, can be ex- 
pressed using the final values from the iteration, as follows: 

RE = ELJEL = .xL/is = eaT-Z& w3) 

The zone length of sampIe can easily be obtained using the obtained total concentra- 
tion, the injected amount and the dimensions of-the separation compartment_ The 
time reqluired for the Sample zone to pass through the detector can be estimated using 
the zone length and the velocity of isotachophoretic~migration _ 
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The validity of equations derived in the preceding sections can be conlirmed, if 
the observed and simulated RE values agree with each other for anionic and cationic 
samples respectively, coexisting with the common complexes_ 

The & values were measured for tartrate ion in the presence of Caz + (anionic 
analysis) and for Caz + _ in the presence of tartrate ion (cationic analysis). In anionic 
analysis, the leading ion was Cl- (10 mJ4) and the concentration of Caz l added in 
the leading electrolyte was varied in from 0.5 to 3 mA&. The pH of the leading 
electrolytes was adjusted to 6.0 by adding b&dine_ In cationic analysis, the leading 
ion was K’ and its concentration was varied from 5.68 to 18.9 mM. The pH of the 
leading electrolyte was adjusted to 5.1 by adding tartaric acid. In this case, tartrate 
ion acts as both the complexing and pH-buffering ion. The terminating ions were 5 
nuW recrystallized N-(morpholino)etbanesulphonate for anionic analysis and 5 mM 
&-=minocaproate for cationic analysis, respectively. All chemicals were commerical 
guaranteed reagents. 

The isotachophoretic analyzers used were a Shim&m IP-1 B for anionic analy- 
sis and IP-2A for cationic analysis. The former was equipped with a hand-made 
potential gradient detector9 and the latter with a Shimadzu PGD-2. The PTFE sepa- 
ration tube for the IP-1B was 0.5 mm I.D. and 20 cm long. The IP-2A was equipped 
with a pre-separation tube (4 em x 1 mm I.D.) joined to the main tube (10 cm x 0.5 
mm I.D.)_ A driving current, 50 or 75 @, was applied to suppress the temperature 
increment in the separation tube. The temperature of the separation compartment 
was tbermostattecl at 25°C. The observed RE values listed in Tables II and III are the 
averages from four or five determinations and the experimental deviations are within 
+0.03_ In order to cancel a slight drift of baseline or asymmetric potential, which 
could not be ignored for the precise RE measurement, the internal standards ClO; 
and Nai were used. The mobilities of these ions are well defined_ The calculated RE 
values were 1.19 for ClO, (L = 10 WC!-, bistidine buffer, pH, = 6.0) and 1.48 for 
Nai (L = 10 mM K+, tartrate buffer, pH, = 5-l), although these values varied 
slightly among the systems used, due to differences in ionic strength. 

RESULTS AND DISCUSSION 

All calculations described below were carried out using a SOBD microcom- 
puter, M223 Mark III. 

The absolute mobility, pK, and stability constants used in the simulation are 
summarized in Table I. The absolute mobilities of tartrate ion have been obtained 
isotachophoretically by the computer analysis of the RE values measured at different 
pH values, as described in ref. 10. The other constants were taken from the litera- 
ture?-r2, but assumed p& values were used for Cl-, Kt and Cazt_ Exact values of 
them were not necessary, siice the pH of the present system was 5-6. The stability 
constants of calcium tartrate shown in Table I were obtained by electromotive force 
measurements in 0.2 N KCl as electrolyte. The original values of 1.80 @Tar) and 
l-11 (C&IT&r) were corrected to the thermodynamic values using activity coef- 
ficients. Other stability constants for calcium tartrate reported were 2.80 (conduc- 
tivity method) and 2.98 (method not specified) at in&rite dilution; however, the other 
value for CaHTar could not be found”.r2. 



236 T_ HIROKAW&Y_ gIS0 

pflysIco-c~~~ALCONSTAI’ITS USED IN SIMULATION (25X-j 

m, = PhoIntel.ilobility x Id @ti-v-‘sex-‘r;px, = r.lia-modyn;tmicaci&tyc~~~~~ 
bciag used for a-, zC+ and cay bg K = hxmodyztic aablxty colzstams 

Ion w rogg -_ 

a- 7x88 -3 
xc+ 7522 13 
ca” 61-7 i2 

30.9 13 
HTar- 326 3.036 
lai- 60-7 4.366 
Histidine’ B9.6 6-04 
caHTar* z5 - 1.59 
cafap 0 - 283 

The chemical equilibria in the tartrate zone can be written as 

E&TX *HIaX- +H+ k1 

mar- z2ziX=- + H’ JG 

Ca’+ + HITar- G+ CaHTar+ KI 

Ca2’ -!- Tar=- * CaTar* JG 

where tartrate is abbreviated as Tar, k,, k2 are the acidity constants of HTar- and 
Tar’- and K,, K2 the stability constants of C&Dar’ and CaTar, respectively. In the 
aniouic analysis, the dissociation equilibrium of h$tidine as the p&buffering counter 
ion must also be taken into account. 

The RE values of tartrate ibn can be expressed as 

where G is the eEective rnobifity of the chloride ion, &d ml. mi and mm3 are the 
corrected mobiiities of HTar-;Ta?- and CaHTar+, respectively. From equ. 33, it is 
apparmt that higher concentrations of complexes, i.e., a higher concentration of non- 
complexing @ice) Ca2 +, results in higher RE vaIues.-Eqn. 33 is useful for the estima- 
tion of rou& BE values_ Fig- I~ shows the effect of the.c&ium concentration and the 
pH of the sample zone ou J& valm of tartrate ion meGsing with Ca? ‘_ The curves 
were plot&l by using eqn_ 31 it should be noted that the curv=_are di&rent from 
those of & vs. -pH, Andy RE--vs. pHc at the steady state of isotachophoresis. The. 
coucentratioti of Ca2 i coexisting with tartrate was varied corn O-to 4 snA4, and is 
at+a.Ily.contro&d by the mms balance equation, .The increase of the RE values at Iow 
pH is essentially due to the lower effective mob2ity of tartrate ion, i-e,, the lower 
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0 1 t 

2 3 ;r 5 6 ; 8 

PHS 
Fig. 1. E&x of calcium concentration and pH of sample zone, pH,, on RE values of 
existing with Ca2 + _ The concentration of Caz + _ 1s that in the sample zone. The curves 
imachophoretic steady state. 

t2rtrate 
are not 

ion 
for 

CO- 

the 

degree of dissociation. The similarity in R, values results from the lack of complex- 
ation in this region. On the other hand, at pH values higher than 3.5, the effect of 
concentration on R, increases. The limiting RE values in this region can be estimated 
by use of eqn. 33, as follows: 

Table II lists the observed and the simulated Rs values for caIcium concentrations 
from 0.5 to 3 mM in the leading zone, together with the concentrations and effective 
mobilities of the sample zone constituents. The concentration of CaHTar’ complexes 
is not shown, since at most it was less than OIM”~ of the total concentration of 
tartrate. It should be noted that the concentration of free Ca’+ in the tartrate zone is 
always smaller than that in the L zone. Thus, the RE values estimated by eqn. 33 on 
the assumption that the calcium concentration in tartrate zone was equal to that in 
the L zone are always huger than those simulated at isotachophoretic equilibrium. 

Fig. 2 shows the depcndenccs on pH, and calcium concentration of the simu- 
lated RE values of tartrate ion at the isotachophoretically steady state. There is a 
distinct difference between Figs. 1 and 2 which can be attributed to the fact that the 
curves in Fig. 2 were plotted against pH,_ and the calcium concentration is that of the 
leading zone. Fig. 3 shows the pH, dependence of the e&ctive mobility of Ca’ f and 
the pH-buffering hi&dine. Fig. 4 shows the dependences of pH, on the concentra- 
tions of buEer, non-complexing sample, total sample and noncomplexing Ca’ + for a 
typical electrolyte, together with &and pH,. It should be noted that the histidine 
buEer was used in the pEi region throughout the simulations. 



,I,
 

‘~
 

O
U
S
J
J
I
Q
'
E
r
)
 

A
N
D
 S
r
M
"
~
A
T
l
j
D
,
N
g
V
A
L
U
E
S
,
4
r
T
h
R
T
l
~
A
T
E
 

I
O
N
,
 A
N

D
 E
F
F
E
C
T
I
V
E
 

M
O
I
l
l
L
l
T
l
E
S
 

A
N
D
 C
O
N
C
E
N
T
R
A
T
I
O
N
S
O
F
 ZO

N
EC

O
N

. 
S’

fl
’l

:U
$N

T
S (2

5%
) 

,’
 

p&
G

’6
H

 (I
 s 

: 
, 

df
 Ie

rl
di

nQ
 cl
oc

tr
ol

yt
o;

 C
h(

,[
, 

po
kn

de
l g

ra
dl

ow
; f

$/
f&

:i r
if

y 
iii

) lo
tu

l c
on

cc
nt

rn
tio

n (
tn

hf
) o

f C
tG

” i
n 

lh
iin

g 
cl

cc
tr

ol
yl

a;
 C
L

 ID
 lo

tu
l c

on
cc

nt
rr

rt
io

n (m
hf

) o
f h

id
in

g 
io

n;
 A

, 
=

 r
at

io
 o

f 
PI

 ci
lk

c&
 q

ob
ili

ty
 (c

m
aV

”u
oc

” ‘)
 o

f e
um

pl
c io

n 
x 

10
5;

 pl
i,‘

m
 p

H
 o

f s
nm

pl
e z

on
e;

 C
 

ui
m

pl
e$

M
, 9

’c
on

cc
nt

ru
tio

h (
m

hf
) o

f C
uT

ar
 co

m
pl

ex
; C

M
,, 

14
 C

, $
 C

M
, L

I t
ot

nl
 co

nc
en

tr
at

io
n (

m
hf

) o
f 

=
 c

ff
cc

tiv
o m

ob
ili

ty
 (c

m
’V

”‘
sc

c-
I)

 o
f C

ha
t 

x 
IO

’;
 

C
,, s

’,
‘~

 to
tn

l c
an

cc
iw

tln
n 

(r
nh

r)
 of

 b
ul

k 
io

?;
 r

if
is

w
 

ci
) to

ta
l c

on
cc

nl
ru

tio
n (

m
M

) o
f h

o 
C

n*
 +
; I

&
,,~

 

-L
L

-.
~-

r.
~-

~-
- 

rr
 c

ff
cc

h 
m

ob
ili

ly
 (c

m
*V

”s
cc

cc
”)

 of
 b

ul
l?

r io
n 

x 
IO

’.
 

__
__

I.
-.

.-
.-

-.
-_

_-
F 

..-
.-

 
.._

_*
_-

_C
..~

“-
~l

.-
.~

._
.“

-~
 .

 . . .
 -_

,-
_-

_.
__

_“
, 

,P
ll&

! 
‘( 

c&
J,

; 
,q

’ 
l(f

i 
iti

s 
P&

s 
c 

c 
Sf

,Y
 

C,
r,s

 
fil

,,,Y
 

, 
Gl

, 
,j’ 

,, 
G,

Y 
, 

‘I’ 
Ic

--*
cc

- 
8’

 
, 

:*
 

O
hs

,’ 
C

uk
, 

i
o
p
'
,
'
 

2
 
a
s
o
,
 

lo
,1

6 
: 

I,
52

 
l,S

ti 
48

.0
6 I

 
6,

06
3 

4,
61

6 
0,

30
7 

0,
26

2 
24

.5
0 

15
.5

7 
13

31
 

o,
O

d’
 I 
3 

00
75

 
10

,1
5’

 
I,

57
 

I,
60

 
46

05
6 

6,
06

7 
4.

61
7 

0,
44

8 
0,

39
2 

24
08

6 
I4

86
0 

13
,2

6 
’ 

6.
01

 
co

o 
lo

,1
4 

1,
62

8 
10

6s
 

45
15

 
6.

08
1 

4.
61

6 
0,

51
11

 
0,

52
1 

25
02

2 
: 

13
,f

ll 
IL

O
6 

fj
,O

l : 
j 

\:1
,2

5 
10

,1
4:

 ;
 

, 
I,

70
 

I,
70

 
’ 

43
,8

0 
6,

08
5 

4.
64

6 
0,

70
7 

0,
64

9 
25

S7
 

12
88

7 
13

,O
l 

” 
6,

O
l ” 

” 
I 

10
50

 
10

,1
3,

 
I;

74
 

1.
75

 
42

,5
3 

6,
09

0 
4.

60
8 

0,
82

4 
0,

71
6 

25
,9

fl
 

1 I
,9

4 
12

,9
5 

,‘
. 

60
1 

, 
aL

7$
 

IO
,1

2 
M

O
 

IA
0 

41
.3

3 
6,

09
4 

4.
59

8 
0.

93
4 

0.
90

1 
26

.3
1’

 
lL

O
2 

12
,9

0 
1.

 
60

0.
 

(‘
, 

>
2.

00
 ,

’ 
IO

,1
1 

L
R

6,
 

I,
85

 
40

,1
9 

6,
08

8 
4.

58
5 

1,
03

6 
1,

02
6 

26
,6

8 
9,

98
8 

12
,9

9 
’ 

g,
, I 

: 
2,

50
 

lO
A

I9
 

” 
I,

95
 

I,
95

 
38

80
9 

6,
09

7 
4.

54
9 

1,
22

0 
1,

27
2 

27
A

2’
 

8.
22

0 
12

,R
B

 
r’

 
$0

0 
IO

,0
7 

2,
O

R
 

2-
05

 
36

82
0 

6.
10

5 
4.

50
3 

1,
37

8 
1.

51
2 

28
,1

7’
 

6,
49

6 
12

s7
7 

C
C

-C
C

C
-C

--
--

 
7-

-_
-.

-1
~-

U
-_

~-
--

-~
I-

--
I-

_~
.-

-~
~~

--
-r

~~
~~

~ 
--

 
B

 
0 

f/
 

,’
 

$ 
‘I

 
$ 

; 
$,

 

s 8 



2 3 4 5 6 7 8 

0% 

Fii 2. Effxt of calcium concentration and pH of leading zone, pH, on RE values of tattrate ion co- 

existing with Ca”. The concentration of Ca’+ is that in the Ieading zone_ Ihe curves are for the iso- 

tachophoretic steady state. The &ding ion is chloride (10 n&f) and the pH-btiering ion is b&dine_ 

2 1 4 5 6. 7 8 

PHi 

Fig_ 3. Elect of calcium concentration and pH of lading ekctrolyte, pJ&, on the eilkctiw mobiities of 
courSer ions (n&, ca”. II&, histidine buffer) in the isotachophoretic steady sate. 
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_-- 

PY 
Fig 4. EEaztof pH of kading ekctrolytc, pH, on the. conantrhon of the zone consti~ts, pH of 
sampk zonz, pH, and RE in the isotachophoretic steady state. l%e calcium concentration in the~leading 
zone is 2 UIM_ C, = Total ~0ncentration of bticr; G = noncompkxing mrtrate; CL = ukium tartrate 
complex and C, = non-compktig ca’+. 

As shown in Table II, the observed and simulated & values agreed well with 
each other, and the differences were less than the accuracy of the experiments. 

In cationic analysis, the RE value of Ca ‘+ in the presence of tartrate ion can he 
expressed as 

R,(Ca) = #&Jn-& = rE&CaHTar+] -k [CaTar] + [Ca’+j) / (m,[CaHTar’] i 
mJCa=D = MK {@Z,Tar](K,k,/C, + K,k,k,/C~ + I> / 

@tJG fH~-‘Wkr/Gi + ml (35) 

where & is the effective mobility ofK+ ion and m, is the corrected mobility of Ca2 +_ 
Fig_ 5 shows the dependences on pH and tartrate concentration sf the RE values of 
Caz+ coekktig with C+S_ The curvy were calculated by~the use of eqn. 35, varying 
the concentration of coexistjng tartrate from 0 to 4 mM. The point of inflection may 
corrspond to the pK value of the tartiati ion_ At Iower pH, the RE value converges 
tothevaiueoffk+a2+-, whereas at higher pH the &Tar complex is formed_ The 
liiniting value in the iatter region can be expressed, ignoring the formation of hydrox- 
yl tiomplexes of Caz +, as follows: _ 

_~ _-. _ 

&(~hin_ = r&(1 -F I&~a?-l)lni, -- (36) 

F$@_ 35 and 36 cqn he used for the .+&nation of qough 5, val+zs; however%*the strict 
simulati& gives cjiE$ent.RE values; as shown & Fig- &-This diEerence can be attri- 
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?Sis 5. Effect &tot& concentration of kadiag ion, CL, aad pH of sample zone. pH& oa the RE values of 
Ca” co-existiag with tartrate ion. The curves are not for the isotachophoretic steady state. 

8- . 

7- 

6- 

c 5 - 
= 
z 4- 
@? 

3- 

2- 

l- 

Fig L !Zt?d of toa concentrztioa of kxiing ion, C, and pH of leading electrolyte, pH, on the pH of 
the sample zone, pi&, and the RE values of Ca*+ co-existing with tartmte ion. 
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4 5 6 7 8 9 

Fig. 71 EiEct of total concentration of leading ion. C, and pH of leading electrolyte on the effective 
nobiitfes of Ca”‘. IF&, and tartrate ion, Es_ 

I 
--_---_----_ 

a 

Fig_ 8. JZEkct if totaico-tratipti of fezding ion, CL. and pH of leading ekxtrolyte- pH,. on the concen- 
tration of the sample zone ax~~titt~&~: for de&Sons of C,. C, and C, see Fig 4. . . 



bfaii _tO t.+ fact‘ that- Fig. -5 was p~omd using cmxcted mobil&ks’ and the total 
co-em of b&ii at C&&L pH.vahes. Fig. 7 shows the dependences on pHL 
-and CL of-the efkctive mob&ties of 6X’ (sample) and tartrate ion (btiering and 
comphz&g agent), and ISg. 2% the concentrations ofthe zone constituents. 

Table IfI giyzs the observed a&d simulated A& v&es together with the concen- 
trations a+~d effective mobilities of the zone const@ents. The good agreement be- 
twcen the simulated and observed RE values was obtained also in cationic analysis. 

OBSERVED AND SlhitJLATEci R, VALUES OF Caz+. AND EEFECTIVE MOBILITKES AND 
CONCENTRATIONS OF ZONE CXINSTITUENTS (2S’C) 

c=e:tc,= TotaJ concentration (m&f) of sample; C, = concentration (m&f) of CaTar complex; for 
other de6nitions see Table u. 

Pff, G RE 

Ohs. iXc. 

PfG c Gs G ffG 

5.10 5.675 2.06 1.97 36.37 4.918 2.510 0.854 1.821 33.50 
5.06 7567 215 2.09 34.04 4.876 3341 1.253 2.307 31.23 
5.08 9.459 233 2.20 32.12 4.894 4:168 1.683 2.727 29.61 
5x9 il.35 2.4Q ZM 30.61 4.903 4.991 2.129 3.127 28.28 
5.09 l-s.19 2.53 242 28.84 4.9clo 6.223 2.822 3.706 26.67 
5.09 18.92 268 259 26.65 4.897 8.263 4.021 4.605 24.65 

Thus, the present theory for the isotachophoretic steady state in complex- 
forming equilibria could be con&med. The slight difCerences between the’ observed 
and calculated RE values in catiouic analysis might be meaningful, suggesting the 
existence of a SmaIl amount of a dEerent type of complexes or ion pairs which were 
not considered in the present equiiibria. 

In this paper the simulation was carried out only for a simple case. However, it 
is apparent that the presect simuiation can be applied not only for the optimization of 
practical separations but also for the estimation of the stability constants and/or 
mobilities of complexes. Examples will be reported in later papers. 
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