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SUMMARY

A theory for kinetically labile complex equilibria in isotachophoresis has been
described for the purposes of computer simulation. Simulated ratios of potential
gradients, Ry = E/E;, have been obtained for Ca>™ 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 confirmed. 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 with by
several authors. The most general equations have been derived by Everaerts ef al.l,
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 difficult in normal electrolyte systems.
Bodek et al.? 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 Ca?*, etc., has been reported by Kaniansky and Everaerts>. Re-
cently, the technique has also been utilized for the separation of lanthanoids®.

The success of such separations depends on the kind of complexing agent used,
its concentration, the pH of the lecading clectrolyte 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 simulated ratios of
potential gradient of the sample zone to that of the leading zone, R, were compm-ed
with the observed values under several conditions.

THEORETICAL

Electralyte system

For the establishment of the steady complex-forming equilibria, the sample
zone requires the continuous flow of a complexing agent from the leading zone into
the succeeding zones. Therefore, the complexing agent should be contained in the
leading electrolyte and should be of opposite charge to the sample ions. The complex-
ing agent, in some instances, may have pH-buffering ability under the operational
conditiorns, i.e., if the pK,, of the complexing agent is approximately equal to the pH of
the leading electrolyte, pHy. However, if the desirable pH; is different from the pk
value of the complexing agent or cannot be achieved due to limitation of the optimal
concentraiion of leading electrolyte, a pH-buffering agent must be added to the
leading electrolyte. In the present case, the theory is described for anianic analysis,
and it is assumed that the buffering ion has no complexing ability for the sample ions.
On the other hand, in cationic analysis, an anionic counter ion with complex-forming
and pH-buffering ability is assumed. Such an electrolyte system is useful when the
formed complexes are very labile, as in the separation of Ba, Ca, Na, Zn, Cd and Cu
by the use of a KOH leading electrolyte buffered by added acetic acid!'-®. By the ap-
propriate combination of the derived equations, the complex-forming system with the
counter ions of both the complex-forming reagent and buffering ions can be treated
simultaneously. N

Under steady isotachophoretic equilibria, the following conditions shauld be
satisiied in the leading and the subsequent zones: (1) electroneutrality; (2) mass bal-
ance of counter ions (the complexing and the pH-buffering ions); (3) equality of
migration velocity of the zones (For this it is desirable that the electric current be kept
constant during the migration.); (4) the establishment of the complex-forming
equilibria is rapid enough to enable electrophoretic migration of a homogenecous
sample zone.

Leading zone

_Although the leadmg ion, L, used is usually a monovalent ion such as K* or
Cl™, it was treated as multivalent ion te give a more gereral expression. The pH-
buffening ion, B, and the added metzl ion, M for anionic analysis, were also treated as
polyvaleat ions. It was assurned that complex formation does not occur i the leading
zone. In practice, a decrease of the effective mobility of the leading fon is undesirable,
since the increase in the step-height of the sample zone may sometimes be cancelled
out. The dissociation equilibria in the leading zone can be expressed as

M, LP =H* + M, LP % i=01..n 1 I

(H, BP =H*+{H, BP ¥ i=01..n—1 Lo
S =i+t L
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. [RE(OI-B;]Z""" + HO=H"+ [M(OE{);Z"-‘ir _F=0,1,.._n,— 1 (3)
=i+ 1 - -
where n and Z are the mumber of dissociable hydrogens and the maximum charges of
the £.. B and M ions, respectively. For anionic species, the maximum charge is zero.
The clectroneutrality relationship must Be satisfied in every zone, and for the L

zomntcatrbeexprssedas
Cry — Cour + Z Z. —HC , + Z Zg — ) Cq iy +

.:f (Zu — D Cgyiy = O @

where C;, _; is the concentration (mole/l) of the sub-species of the E fon with charge
Z, — i, €, _,;, that of the B ion with charge Z, — iin the L zone and C. 7,— ik that of
the M ioa with charge Z; — i. Gy and Cgyy, are the concentration of H™ and OH ™
in the L zone: in the extreme pH regron, i.e., pH < 3 os pH > 11, their contributions
to the specific conduetivity of the zone are very large and sometimes the isotachopho-
retic equilibrium could not be established.

The sub-species concentration of L, B and M ions can be expressed using the
corresponding total concentratioas, equilibrivm constants and Cy; , for example

Crpmir = Q!L(JH By il Cur.)/ [1 + g H Ky, il Cu, ):1 (&)

where Ky, ; 1s the successive acidity constant of tite M ion for the equilibriuntineqn. 3,
and C,, is the total concentration. Replacing the subscript M imegn. 5by L or B
gives the correspoading equations for the E or B ion. Then, the electroneutrality (eqn.
4) can be expressed in terms of the total concentrations instead of the sub-species
concentrations. In the praetical case that G, €, and Cy, areknown at the prepara-
tive stage of the leading electrolyte, the total concentration of buffering ion, C;; can
be estimated by

(% i
Cer {Co;u. — Cur + G [ZL + E; tZ. — 0) (I__Tt KLJ/CH.L)]./

[ + X ('H KL,,/CHL)}+ qLL[Zu'*‘ b (Zy — i)(U K\;,/CHL)]/

[+ & (5, mwrew) i
{[23 + 5‘:‘ (Zs — i)(ﬂ‘ K;J/cu)} / [1 + z ( " K, ,/Cu)}} )

where K ; and Kj ; are the suceessive acidity constants, and C; the total concentra-
tior of tbe L ton. Fhe ceacentration, C};, is indispensable to estimate the: total
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concentration of the common buffering ion in the subsequent zones by the usé of the
mass balance 6~quation1 It is closely related to the pH of the subsequent zones.

‘The successive disso¢iation constants in eqns. 5 and 6 should be those at the
finite ionic strength in the L zone. Thus, the thermodynamic constants are corrected
by the use of activity coeﬁiczents of the constituents, which can be estimated by
inserting the calculated ionic strength into the Debye—Hiickel equations®-”. For this
correction, the sub-specics concentrations of L, B and M ious are calculated. Iterative
correction gives the constant concentrations of the leading constituents.

The effective mobilities, n7, of the leading, buffering and complexing ions are
necessary for the evaluation of the concentrations of the constituents in the sub-
sequent zones. For example

my = l_mz + Z Mz, —; (,H Ky i/Ca L)] / [1 + i§1 (J.I_I1 Ky yf CH_L)] @
where m, and m; _; are the corrected mobilities of the leading ions with charges Z;
and Z, — i: The corrected mobility was obtained by msertmg the absolute mobilities
and tm. calculated ionic stzength into the Onsager equation®, which can be applied to
an isotachophoretical electrolyte system of concentration ca. 0.01 M. For anionic
species, my_ is zero. Replacing 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 specific conduc-
tivity, xy, IS necessary and it is expressed as ‘

L
Ky = (CH.LmH + ConrMon + E‘o |Zy — i Cz -z - +
ny \
_ZO[Z — lez‘_,J_sz_, + ZO[ZM — z[Czu_‘,,_mzn_-} F/1000 (8)
i=

where my; and mg,, are the corrected mobilities of H* and OH™ ions, and F is the
Faraday constant. Then, the potential gradient of the leading ion, E;, can be ex-
pressed as

where J is the current density in the separation compartment.

Sample zone

Tmagine a complex-forming equilibrium between antonic sample, S, and metal
ion, M, as the counter ion, for example, tartaric acid and Ca?*_. When the M ion with
maximum charge Z,,, i.e., M?“, can react with the sub-species of sample, the chemical
equilibria in the S zone can be written as

H*as—slz’;‘x——‘ﬂ* + M, S5 i=0,1,...n5— 1 o)
=i+ l

Mt [H SR (M, S Bk = L% m (D)
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where ng is the number of dissociabie hydrogens of the S ion and Zj is the maximum
charge, in this case, zero. In addition to the above equilibria, eqns. 2 and 3 must also
be taken into account. The effective mobility of the S ion can be described usmg the
mobility and concentration of the constituents, as follows

nTS (Z mz —1CZs—x + Z mMS.Zui—Zs*': CMS Zrg+ Zg— )/(C‘S + CMS) (12)

where C,__; is the sub-species concentration of non-complexing sample, Cys that of
complex, m the corrected mobilities and the superscript t indicates the total concen-
trations of the subscripted constituents. The mobilities of complexes, myg, are usually
smaller than mg, as expected from the decieased charges, therefore, the higher the
concentration of MS, the lower is the effective mobility of the sampie. The concentra-
uons of complexes are uniquely defined 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 obiained afier iterative
calculation to fulfil the stecady-state condition, as described later. Then, the other
expression for nig using already known physico-chemical constants is necessary for
the smooth convergence to self-consistent state in computer simulation, it follows
that

g i
g = [’"Zs + = mzs_,-(ﬂ Ks,j/CH.s) +
i=1 i=1
ny £
Cz,s _21 Mys 7+ 2~ iKus.i (_H‘ Ks.if CH-S)]/
i= ji=

[1 + 3 (n Ks,/cus> + Cps Z Kus J(_nl KSJ—/CH.S)] 13)
i= i= R

i=3

where K ; is the successive dissociation constant of sample §, K, ; the stability
constant of the formed complex MS, C;_¢ the concentration of M ion with maximum
charge Z,,, Cy s the proton concentration in the S zone and m is the corrected mobili-
ty. In eqn. 13, the concentration Cj still remains and it can be expressed as:

Cas = q,s/[l + z (n K,,J/c&s)] (14)

Then, if the total concentration of non-complexing M ion in the S zone, Ci g, and Cy
are known, ni; can be evaluated. The total concentration, Cis, is controlled by the
following equation derived from the mass balance equation describing the complex-
ing ion entering and leaving the S zone

Cus = Gy Im(my + my OIint (Mg + miyg)] — G =

G st + nay DVm (ms + g DY/

{1 + czs[_ffl KMS_J(H KSJ/CHS)y[I + 2 ( i K.,,p/cﬂs]} 5)
iz
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where 7y is the effective mobility of the complexing counter-ion in the L zone,
which can be evaluated by a similar equation to eqn. 7, and n  is that ini the S zone,
which can be expressed by a2 similar equation to egn. k3 ccnsldermg the complex
fermation with sample ious as follows:

"~
pﬁg's=[mz»+ = mz‘_,-(lﬂ K,,_B/Cg's) + Gz, T Mysz vz-i X
i=t j=1 =1

H KSJ/CB.S)WI + Z (JII K /Cus

Cz, z Kuss j (’n K ~,/cﬂs)] (16)

In eqn. 15, the effective mobility, m7;, appears again. Combining eqns. 13, 14and 15,a
complicated quadratic expression for 77; may be obtained, however, this is not neces-
sary for the numerical calculation in the iterative procedure. Thus, if the initial values
of the pH of the zone and C,_s or C; s are known one can obtain an initial value of g
by equ. 13, and in the snbwquem_step of the iteration, Cz g estimated by egms. 14
and 15 can be employed for the evaluation of #7;. Similarly, an initial value of C;_or
€% is necessary for the evaluation of nfy 5. H the quadratic equation for g is used, a
procedure for discriminating the phiysically incorrect solutions is necessary. There-
fore, the present formulation is preferable for the computation of ni.

The total concentration of buffer; C g, which is closely related with the pH of
the sample zone, can be expressed by the following equation derived from the other
mass balance equation

Cos = Caufrm(m. + ntg ) Wi, (ms + o1 5} (17)

where g ¢ is the effective mobility of the buffering jon in the S zone.
In order to obtain the total concentration of the non-complexing (free) sample
ion, %, the electroneutrality relationship in the S zone is necessary, as follows:

Cas — Cous ‘*‘;,:Zo (Zg — D) Czpmis + _fo (Zy — D) Crp-is +

s - Es
_§o (Zs — 3 Cr; + __ZG Cu+Zs — ) Cuszy:2,-: =0 (18)
The concentration of complexes, Cyg, Can be expressed using Gy (egn. 15 and C; as:

T- Csas.z,.+zs;i = CZxCZ;KuS.i (;gx Ks.]/ Cn.s) = C‘scga.s/

,[z + ’z (r ngcxs)} {1 £ z (} x@cx,s)} x

Ko B KafCasy - a9
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The snb-specxes conoenta‘at:eas Ca, Cye 2nd C In eqn. 18; can be expressed by the
ceﬁespﬁndmg total coneentratzous then it foliows that:

A C§ = {Cou.s Cus — Cas Zﬁ (Zs ‘)CH Ks,,fcas)f

{1 + 3 (,H KB,,/CHS)] - Cus 2 (Zu— D x

H Ky ;j/Cy s)/ (1 + Z ( H Ky ;l Cu,s)]}/ { 2 (Zs - (I:II Ks i CH.S)/
ng 4 j g P
[1 + 3 (_n KSJ/CHS)] + C},S/[l +2{n Ks,,./cﬂ,.s)]/
p=1 \j=1 =1 \j=1

LT P ng i
[l + X .1;11 Ky j/Cy 5)] X X (Zy + Zs — 9 KHS.;‘(!II Ks,j/cﬂ,s)} (20)
j= i=1 j=

p=1

if the pH of sample zone is known, the sub-species concentrations of the zone
constituents can be evaluated, and hence the ionic strength of the S zone.
The specific conductivity of the S zore is as follows:

g fig -
ks = Cus + Cons + 2 |Z ~ i| Coceiz s + 2 |Za = ] Czmimy,; +

nyg . ng R
& IZM - ’i Cz,,,—i.smz,,—i -+ '21 lZM + Zs — 1{ C!-(s.z,.+zs—‘m_\xs.z_+z,—i n
i=0 i=

Then the potential gradient of the S zone can be evaluated using a similar equation to
eqn. 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 11

[SOH)JZ"i + HyO=H* + [SOH)J5=i: i=0,1.....n5 — 1 22)
) j=i11

$% + [H,,- BI?* 7 = [SH,,_ B %; j=12,...ng (23)
where S% is the sample ion with maximal charge Zg. Eqn. 23 may represent the
equilibria of a metal ion, S5, forming complexes with acids. The effective mobility, nig,
is obtained 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 electrolyte system. The total conceniration of non-complexing
buffer ion can be expressed as follows:

Chs = (Right hand of eqn. 17)/{1 + G, [ > Kas,(ﬂ KB_,/CH'S):V

[l + 2 (n Ke p/cn.s)]} 9
i=1
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Determination 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 isotachophoretical conditions fulfilled and the steady complex-
forming equilibria allowed.

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
following equation is valid:

1000J/F = Fyx, = Eks = Q (25)

The amounts expressed by eqn. 25 for the L and S zones are denoted as O; and Qs,
hereafter. If these zones migrate with the same velocity, v, then the following relation
1s valid:

v = Ejmy = Egig {26)

The electroneutrality of the zones and the mass balance equations for counter ions
have already been taken into account when the specific conductivity was evaluated.
Therefore, the establishment of the following relation! provides a measure of the
steady state:

RFQ = Q1/Q0s — 1 = migxy [(niixg) — 1 =0 @7

In practice, the first stage of the iterative calculation was carried out using several
assumptions: (1) the pH of the S zone is equal to that of the L zone; (2) the ionic
strength of the S zone used for the correction of mobility and pK, is equal to that of
the L zone; (3) the total concentration of the complexing counter ion and sample ion
-1s equal to those of the L zone. At this stage, the value of RFQ was never zero, and
subsequently, the overall calculations for the S zone must be repeated, varying the pH
appropriately without use of the above assumptions. In anionic analysis, the pH was
increased, vice versa for cationic anmalysis. In the course of iteration, the absolute
mobility, thertnodynamic dissociation constants and stability constants were.cor-
rected to the values at finite ionic strength, and the effective mobilities and the concen-
trations of the constituents were evaluated. Also, if RFQ was zero at a certain pH, in
practice |RFQ| < 5-1075, the overall calculations were again carried out using the
same pH to confirm self-consistency of the calculated results. If the relation | RFQ| <
5-1077 was again satisfied, the iteration was terminated. This required the overall

calculations to be repeated 135 to 30 times by our program.

Thus;, the observable qualitative indexes, the ratios of the potential gradients,
Rz, 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 = EJ/E, = xyfug = myfrig (28)

The zone length of sample can easily be obtained using the obtained total coacentra-
tion, the injected amount and the dimensions of the separation compartment. The
time reguired 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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EXPERIMENTAL

The validity of eqguations derived in the preceding sections can be confirmed, if
the observed and simulated Ry values agree with each other for anionic and cationic
samples respectively, coexisting with the common complexes.

The R values were measured for tartrate ion in the presence of Ca2* (anionic
analysis) and for CaZ" in the presence of tartrate ion (cationic analysis). In anionic
apalysis, the leading ion was Cl~ (10 mM) and the concentration of Ca®* added in
the leading electrolyte was varied in from 0.5 to 3 mM. The pH of the leading
electrolytes was adjusted to 6.0 by adding histidine. 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
mM recrystailized N-(morpholino)cthanesulphonate for anionic analysis and 5 mAM
e-aminocaproate for cationic analysis, respectively. All chemicals were commerical
guaranteed reagents.

The isotachophoretic analyzers used were a Shimadzu IP-1B for anionic analy-
sis and IP-2A for cationic analysis. The former was equipped with a hand-made
potential gradient detector® 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 cm x 1 mm I.D.) joined to the main tube (10 cm x 0.5
mm L.D.). A driving current, 50 or 75 pA, was applied to suppress the temperature
increment in the separation tube. The temperature of the separation compartment
was thermostatted at 25°C. The observed R values lisied in Tables IT 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 R measurement, the internal standards ClO3
and Na™ were used. The mobilities of these ions are well defined. The calculated R,
values were 1.19 for C10; (L = 10 mAf Cl—, histidine bufier, pH, = 6.0) and 1.48 for
Na* (L = 10 mAM K™, tartrate buffer, pH; = 5.1), 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 SORD microcom-
puter, M223 Mark HL

The absolute mobility, pK, and stability constants used in the simulation are
summarized in Table 1. The absolute mobilities of tartrate ion have been obtained
isotachophoretically by the computer analysis of the R values measured at different
pH values, as described in ref. 10. The other constants were taken from the litera-
ture'!-12, but assumed pX, values were used for C1~, K* and Ca?*. Exact values of
them were not necessary, since thie pH of the present system was 5-6. The stability
constants of calcium tartrate shown in Table I were obtained by electromotive force
measuremenis in 0.2 ¥ KCl as electrolyte. The original values of 1.80 (CaTar) and
1.11 (CaHTar) 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 inifinite dilution; however, the other
value for CakTar could not be found!!-12,
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TABLE1
PHYSICO-CHEMICAL CONSTANTS USED IN SIMULATION (25°0)

m = Absolute mobility x 10° (cm®V ~!sec™ 1); pK, = thermodynamic acidity constants, assuned. valucs
being used for O™, K* and Ca®~; jog X = thermodynamic stability constants.

Ion 1 2K, log K
«- 79.08 -3
XK+ 5.2 i3
Ca>+ 61.7 12

3095 i3
HTar™ 32.6 3.036
Tar*~ 60.7 4366
Histidine™ 296 6.04
CaHTar™ 25 — 1.59
CaTar® o — 283

The chemical equilibria in the tartrate zone can be written as

H,Tar = HTar~ + H” &, » (29)
HTar~ =Tar’~ + H* &, (30)
Ca?* 4+ HTar™ = CaHTar* K, 3D
Ca** 4+ Tar®>~ = CaTar® K, G2)

where tartrate is abbreviated as Tar, k,, k, are the acidity constants of HTar~ and
Tar?~ and K|, K, the stability constants of CaHTar* and CaTar, respectively. In the
anionic analysis, the dissociation equilibrium of histidine as the pH-buffering counter
ion must also be taken into account.

The R; values of tartrate ion can be expressed as

R{(Tar) = migfnty,, = Wio([H;Tar] +[HTar ] + [Tar>"j + [CaHTar*] + [CaTar])/
{(my[HTar"] + my[Tar® ] + my[CaHTar™] = m {1 + &,/Cy(l + K,{Ca®>*] +
kyko/Ca 1 + K{Ca’ "D} / &y /Cylmy —-'-'m_sKliCaz"}) + myk ks [Cly (33)

where n7;, is the effective mobility of the chloride ion, and m,, m, and m, are the
corrected mobilities of HTar ~; Tar?>~ and CaHTar?, respectively. From eqn. 33, it is
apparent that higher concentrations of complexes, i.e., a higher concentration of non-
complexing (free) Ca®™, results in higher R values. Eqn. 33 is useful for the estima-
tion of rough R values. Fig. 1-shows the effect of the calcium concentration and the
pH of the sample zone on R values of tartrate ion coexising with Ca27_ The curves
were plotted by using eqn. 33. It should be poted that the curves are different from
those of Ry vs.-pH; and Ry vs. pHg at the steady state of isotachophoresis. The.
concentration of Ca?™ coexisting with tartrate was varied from 0 to 4 mM, and is
actually controlled by the mass balance equation. The increase of the R values at low
pH is essentially due to the lower effective mobility of tartrate ion, Le., the lower
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2 3 4 5 6 7
pHg
Fig. 1. Effect of calcium concentration and pH of sample zone, pHg, on R, values of tartrate ion co-

existing with Ca>*. The concentration of Ca?* is that in the sample zone. The curves are not for the
isotachophoretic steady state.

00

degree of dissociation. The similarity in Ry values resulis 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 Ry increases. The limiting R values in this region can be estimated
by use of eqgn. 33, as follows:

Re(Tar)y, = nmig(l + K;[Ca?*])/m, 34)

Table II lists the observed and the simulated R; values for calcium 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 0.049% 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 R 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 larger than those simulated at isotachophoretic equilibrium.

Fig. 2 shows the dependences on pH, and calcium concentration of the simu-
lated R 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 effective mobility of Ca>* and
the pH-buffering histidine. Fig. 4 shows the dependences of pH; on the concentra-
tions of buffer, non-complexing sample, total sample and non-complexing Ca>* for a
typical electrolyte together with R and pHs. It should be noted that the histidine
buffer was used in the pH region throughout the simulations.
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Fig. 2. Effect of calcium concentration and pH of leading zone, pH;, on R values of tartrate jon co-
existing with Ca**. The concentration of Ca*" is that in the leading zone. The curves are for the iso-
tachophoretic steady state. The leading ion is chloride (10 mAf) and the pH-buffering ion is histidine.
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Fig. 3. Effect of calcium concentration and pH of leading electrolyte, pHj, on the effective mobllxnm of

counter ions (n7,, Ca>*, n1,, histidine buffer) in the isotachophoretic steady state.
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Fig. 4. Effect of pH of leading electrolyte, pH;, on the concentration of the zone constituents, pH of
sample zone, pHg, and R in the isotachophoretic steady state. The calcium concentration in the leading
zone is 2mM. C = Total concentration of buffer; C§ = non-complexing tartrate; Cis = calcium tartrate
complex and C}; = non-complexing Ca>™.

As shown in Table 11, the observed and simulated R values agreed well with
each other, and the differences were less than the accuracy of the experiments.

In cationic analysis, the R value of Ca®™ in the presence of tartrate ion can be
expressed as

R.(Ca) = nigfmic, = ni(JCaHTar*] + [CaTar] + [Ca**])/ (m;[CaHTar*] +
m[Ca?7]) = ni {[H,Tarl(K,k,/Cu + Kok Ko/CE) + 1}/
(m; K, [H,Tarlk,/Cy + m.) (35)

where 77 is the effective mobility of K* ion and m, is the corrected mobility of Ca*~.
Fig. 5 shows the dependences on pH and tartrate concentration of the Ry values of
Ca** coexisting with CaTar. The curves were calculated by the use of eqn. 35, varying
the concentration of coexisting tartrate from 0 to 4 mM. The point of inflection may
correspond to the pK,, value of the tartrate ion. At lower pH, the R value converges
to the value of free Ca2*, whereas at higher pH the CaTar complex is formed. The
limiting value ia the latter region can be expressed, ignoring the formation of hydrox-
yl complexes of Ca”*, as follows:

| Re(Calym, = (1 + Ks[Tas>"Djm, o @

Egns. 35 and 36 can be used for the estimation of rough R,.~ values; however, the strict
smmlatlon gw&s dxﬁ'erent Re valu&e, as shown in Fig. 6. This difference can ' be attri-
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Fig. 5. Effect of total concentration of leading ion, C}, and pH of sample zone, pH, on the R, values of

Ca?* co-existing with tartrate ion. The curves are not for the isotachophoretic steady state.
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Fig. 6. Effect of total concentration of leading ion, C}, and pH of leading electrolyte, pH,, on the pH of

the sample zone, pil, and the R values of Ca?* co-existing with tartrate ion.
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Fig 8. IEffect of total concentration of leading ion, €}, and pH eof leading electrolyte, pH,., on the concen-
tration of the sample zone constitueats; for definitions of Ci. C§ and Cys, see Fig 4.



COL&PLEX FORMING EOU[LEBR_EA IN IfP. L - - 243

buted to thc fact that Fig. 5 was p!otted using corrected mobllmes and thc total
concentration of buffer at certain pH values. Fig. 7 shows the degendences on pH,_
and C; of the effective mobilities of Ca>* (sample) and tartrate ion {(buffering and
complexing agent), and Fig. 8 the concentrations of the zone constituents.

“Table FH gives the observed and simulated R, values together with the concen-
trations and effective mobilities of the zone constituents. The good agreement be-
tween the simulated and observed R values was obtained also in cationic analysis.

TABLE 1

OBSERVED AND SIMULATED R VALUES OF Ca?*, AND EEFECTIVE MOBILITIES AND
CONCENTRATIONS OF ZONE CONSTITUENTS (25°C)

C = & + Gy = Total conoentration (mAf) of sample; Cyg = concentration (mM) of CaTar complex; for
other definitions see Table .

pH, G Re iy Py c Cis Cs g
Obs. Calc.

5.10 5.675 206 197 3637 4918 2510 0.854 1.821 33.50
5.06 7.567 215 209 34.04 4876 3.341 1.253 2.307 31.23
5.08 9.439 233 220 3212 4894 4. 168 1.683 2.727 29.61
509 1135 240 230 30.61 4503 4991 2129 3.127 28.28
509 M9 353 2422 28.84 4.900 6.223 2.822 3.706 26.67
509 1892 268 239 2665 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 confirmed. The slight differences between the observed
and calculated R values in cationic analysis might be meaningful, suggesting the
existence of a small amount of a different type of complexes or ion pairs which were
not considered in the present equilibria.

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