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Abstract

For capillary electrochromatography (CEC) to be a generally used analytical technique the origin of the unusual, and often
unwanted, peak shapes, which regularly occur for ionic compounds, must be understood. A mass balance analysis is the most
fundamental approach to investigate the origin of non-linear effects during the migration of an eluite. Such an analysis shows
that a CEC system composed of ionic compounds has a complex behaviour and that a variety of peak shapes for an eluiteion
is expected. In this paper it is shown that the mass balance analysis is rationalised by the introduction of the non-dimensional
electrochromatographic migration number (2. This number is defined as the ratio Eu/vk, where E is the effective electric
field strength in the eluite zone, u the mobility of the eluite, v, the linear velocity of the mobile phase and k the
chromatographic capacity factor of the eluite. This work is focussed on the theoretical behaviour of a CEC system for
analytical applications, i.e., in the limit of low eluite concentrations. Even under analytical conditions the three-component
system studied in this paper shows strong peak broadening when (2 has values close to unity. [0 2000 Elsevier Science BV.

All rights reserved.
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1. Introduction

The concept for electrochromatography was intro-
duced in 1974 when Pretorius et al. [1] proposed that
the electroosmotic flow could be used to pump an
eluent through a chromatographic column. Some
years later Jorgenson and Lukacs applied an electric
potential difference across the length of a packed
capillary column and used it for the separation of
non-ionic compounds [2,3]. An examination of the
advantages of electrochromatography, compared to
electrophoresis and chromatography, for the sepa
ration of compounds was later made in a series of
papers by Knox and Grant [4-6]. Since then the
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potential of capillary e ectrochromatography (CEC)
for the separation of in particular non-ionic com-
pounds have been demonstrated by a number of
research groups [7-11]. The rapidly growing interest
in analytical chemistry for CEC has increased the
need for a better understanding of the basic physico—
chemical properties of this technique. One such
important subject, which has been more closely
investigated during the last years, is the generation
and control of the electroosmotic flow in packed
beds [12-17].

For CEC to be a generally used separation tech-
nique it must be able to efficiently separate both
ionic and non-ionic compounds. However, experi-
ments have shown that unexpected effects on the
peak shape often occur for ionic compounds [18,19].
Therefore, to be able to use CEC for separation of
ionic compounds a better understanding of the basic
principles which governs their migration is needed.
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The basic theory for both electrophoresis and chroma-
tography is based on a mass balance analysis [20—
23]. From this analysis, and for both these tech-
niques, the non-linear effects that are dependent on
the analyte concentration in the migrating zone are
generally understood (see e.g., Refs. [24,25]). Since
in CEC an ionic compound migrates through the
column by both a chromatographic and an electro-
phoretic mechanism, a mass balance analysis be-
comes more complex than for the individual tech-
niques [26,27]. Consequently, the theory for CEC is
a generalisation of these two theories and includes
the respective theory in the limiting case of no
current and of no adsorption. A mass balance
analysis can be performed in either differential or
finite form and the basic information gained from
these two approaches is basically the same. How-
ever, from the differential form more quantitative
information can be obtained about the peak shape
during the migration in the column and at the point
of elution from the column. The analysis in the finite
form is easier to evaluate because it leads to alge-
braic equations instead of the set of coupled differen-
tial equations that is obtained in the differential form.
This paper is a continuation of a previousy pub-
lished mass balance analysis in the finite form [26].

In the theory of migration of ions in CEC the
coherence condition is of great importance. This
term was originally introduced in chromatographic
theory [21] but it also has its counterparts in
electrophoretic theory, where it leads to the well-
known Kohlrausch regulating function. The coher-
ence condition is a result of a mass balance that is
simultaneously made for several components. The
three-component electrophoretic system in Fig. Lisa
useful starting point for understanding the implica-
tions of the coherence condition for CEC of ionic
species. In this example components 1 and 2 consti-
tute the background electrolyte and component 3 is
an analyte ion which migrates through the column
with the velocity v. The velocity of the analyte is
determined by its electrophoretic mobility and the
electric field strength in the zone containing the
analyte, E. It is important to note that the electric
field strength within the zone containing the analyte
(i.e.,, component 3) is different from that outside the
zone. For a given current through the column E is
determined by its conductivity, i.e., by the con-
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Fig. 1. Schematic representation of an electrophoretic system
containing a two-component background electrolyte, components
1 and 2, and a zone containing an analyte ion, component 3. The
Kohlrausch regulating function determines the concentration of
components 1 and 2 within the zone. The velocity of the zone is
determined by the mobility of component 3, the current | through
the column and the conductivity in the zone. See aso the
discussion in the text.

centration and mobility of all three components in
the zone. The concentration of components 1 and 2
in the zone is determined by the electroneutrality
condition in the zone in combination with the
important condition that all concentration steps must
move with the same velocity. This means that the
concentration step that exists between the solution in
the zone and outside the zone, for component 1 as
well as for component 2, must move with the same
velocity as component 3.

Compared to an electrophoretic system the electro-
chromatographic system is more complex. The
reason is that the presence of the stationary phase
creates two additional requirements that the mass
balance analysis must consider. Firstly, the ssimulta-
neous equilibrium for all three components between
the eluent and the stationary phase must be included.
Secondly, electroneutrality on the stationary phase is
required. The latter condition is critical because it
means that adsorption of component 3 to the station-
ary phase always is accompanied by a simultaneous
change in the surface concentration of the other
components, which in turn changes the concentration
of these components in the zone containing com-
ponent 3. For example, assume that the stationary
phase is a cation exchanger and that both com-
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ponents 1 and 3 are monovalent cations, the anionic
component 2 can to afirst approximation be assumed
to be absent from the stationary phase surface. Under
these assumptions the adsorption of component 3 is
accompanied by desorption of component 1. When
components 1 and 3 have different electrophoretic
mobility, the conductivity in the zone will change
because of the interchange of ions between the
stationary phase and the eluent. This will in turn
change the electrical field strength in the zone which
affects the velocity of the components in the eluent,
which in turn changes the concentrations of com-
ponents 1 and 2, etc. Thus, to summarise, the
concentrations of the different components in the
zone which fulfil the coherence condition is de-
termined by the requirement of simultaneous move-
ment of all concentration steps in combination with
the change in conductivity caused by the interchange
between ions of different mobilities taking place on
the stationary phase.

The aim of this study is to investigate the prop-
erties of the solution of the mass balance equation in
the limit of low concentrations of component 3, i.e.,
the concentration range that is of interest in ana-
lytical applications. It is shown that the complex
retention behaviour can be rationalised by the intro-
duction of the non-dimensiona electrochromato-
graphic migration number. The theory is derived for
an ion-exchange chromatographic system under cer-
tain assumptions and simplifications. This implies
that the studied system is a model system and the
objective is primarily to obtain an insight into the
physica processes that determine the coherence
condition for the migration of ionic analytes. Al-
though the equations are derived for an ion-exchange
system, the same principles are valid for other
chromatographic systems. It has been shown, for
example, that when the ionic analyte adsorbs to a
non-ionic stationary phase surface the resulting
equations are very similar to the equations for an
ion-exchange system [26].

2. Theory
The three-component system discussed in this

paper is the same as has been discussed in previous
publications [26,27] and is schematically shown in
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Fig. 2. Schematic representation of the three-component electro-
chromatographic system discussed in this paper. The system
consists of a moving boundary that separates two different
compositions of the eluent phase. lons 1 and 2 are present on both
sides of the boundary while component 3 is present on one side
only. ¢; and n; represent the eluent and stationary phase con-
centration of component i, respectively.

Fig. 2. It consists of the sharp boundary created by a
difference in eluent composition, on one side of the
boundary the eluent contains two monovalent ionic
species (the positively charged component 1 and the
negatively charged component 2) of concentration c;
(=c;). The stationary phase is assumed to be
negatively charged, e.g., a cation exchanger, and in
order to maintain electroneutrality in this phase
component 1 is assumed to be non-specifically
adsorbed with the surface concentration n;. On the
other side of the boundary these two components
have concentrations ¢, and ¢, and a third mono-
valent component is also present (positively charged
component 3). Component 3 may adsorb specifically
to the stationary phase and this treatment is limited
to the case of a linear adsorption isotherm. Com-
ponents 1 and 3 are adsorbed to the stationary phase
surface with the surface concentration n, and nj,
respectively. To maintain electroneutrality on the
stationary phase, adsorption of component 3 results
in desorption of the same amount of component 1.
The boundary moves along the column because of
the flow of eluent [linear velocity v, (m/g)] and
current [current density | (A/m?)]. The values of |
and v, are assumed to be constant through all
column cross sections. The current is assumed to be
transported by ions in the eluent only, i.e., thereis no
surface conduction. It is also assumed that the
electrophoretic mobility of all three components is
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constant and independent of the ionic strength in the
mobile phase.

Solving the mass balance equation for this three-
component system gives that the velocity of the
boundary is [26,27]:

v=
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where k is the chromatographic capacity factor of
component 3, ¢, its concentration in the eluent phase
and u, its electrophoretic mobility. U is defined as:

U = Fu,u, <ui - i) (2

3 l"Il

where u, and u, are the electrophoretic mobilities of
component 1 and 2, respectively. F is the Faraday
constant and «,. is defined as the conductivity of the
eluent in a corresponding pure el ectrophoretic system
containing component 3. According to electropho-
retic theory itsis value obtained from the K ohlrausch
regulating function and is equa to:

ke =F [Ca ’ == UlL)J(US 1 +Cy(uy — Uz)] (3)

where c; is the concentration of component 1 in the
eluent phase on the side of the boundary where
component 3 is absent, see adso Fig. 2.

The concentration of component 1 in the eluent
phase in the electrochromatographic system in Fig. 2,
on the side of the boundary where component 3 is
present, is obtained from a mass balance anaysis
[26]:

oW v ke,U
-« — u —_ u —_ .« —
ST (Us = Up) = 72— v, F

c, = +c (4)

u, —u,

From the electroneutrality condition in the eluent
phase: ¢, +c;=c,, the concentration of component 2
can easily be obtained.

The general properties of Eq. (1) have previously
been analysed [27] and will briefly be discussed
here. First we note that the equation has two roots
which both satisfy the mass balance equation. When
the sum of terms under the root sign results in a

positive number both roots have real values. From a
mass balance point of view this implies that two
different velocities for the boundary are allowed.
However, to be physically redlistic, the root must
also give a positive value for the concentration, c,,
which not aways is the case. When the term under
the root sign becomes negative both roots becomes
imaginary and no real value for v exists. Another
physicaly unredlistic solution is when the term
kc,U/k, becomes equal to —1, i.e.,the denominator
in Eq. (1) becomes zero. This implies that the
velocity approaches infinity, which gives a negative
value for c,. At low concentrations of component 3,
this situation will not occur and is therefore not
further discussed in this paper.

To characterise an electrochromatographic system
it is rational to introduce the non-dimensional elec-
trochromatographic migration number, (2, defined as:

lu,

0= (5)

KUK

When (2 is introduced, Eq. (1) becomes:
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This work is focussed on the properties of Eq. (6)
when the concentration of ¢, approaches zero. In this
limit, the velocity of the boundary is more or less the
same as the velocity of a corresponding analytical
peak and is therefore the most interesting case from
an analytical point of view. The limiting case when
2=0 (i.e, pure chromatography) and when (2 - o
(i.e., pure electrophoresis) have been analysed in the
previous papers and shown to be consistent with
chromatographic and electrophoretic theory, respec-
tively.

Inspection of Eqg. (6) shows that for small c,
values two different cases are obtained; when 2=1
and when its value is distinctly different from unity.
These two cases are treated separately and the case
when (2 is close to unity is discussed in the Results
and Discussion section. For our purpose it is appro-
priate to rewrite Eq. (6) as:
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When (2 is didtinctly different from unity and
when c, is small, the series expansions V(1-xX)=
1—3x and 1/(1+x)=(1—x) can be applied to Eq.
(7). When quadratic c, terms are neglected, the
following expressions are obtained for the two roots:

Root 1: v ~ (1+k0) k2 cU 8
oot vy T Py (89
Root 2: v = <l+& L) 8b
oot 2: v =~ v, K 0-1 (8b)
In the limit c; - O these two roots are:
ug
Root 1 v — 1+k2 _UO+KK
ot Lv=vo (") = 11k
_ Uyt Euy
- 1+k (%3
Root 2: v =, (9b)

The last equality in Eq. (98) follows from the fact
that when ¢, — 0 the conductivity in the zone or peak
is amost equal to the conductivity in the eluent. In
the eguation, E is therefore the effective electric field
in the column. Root 1 represents the case where the
velocity of the peak is obtained as the sum of eluent
and electrophoretic velocities divided by the effect of
chromatographic retardation. Inserting Eqg. (9a) into
Eg. (4) gives that ¢, »c; when ¢;—»0 and the
velocity obtained from this root is therefore phys-
icaly attainable. However, for the velocity according
to root 2, i.e, when v=v, Eq. (4) becomes
undetermined in the limit c; -0 because ‘‘zero is
divided by zero”. Inserting Eq. (8b) into Eq. (4) and
using that «, =c;(u, —u,) in the limit c; - 0, gives
that:

c, =, (10)

Thus, in the limit of low c;, and since (2 is
positive, both roots obtained from the mass balance

equation are physically attainable when (2 is distinct-
ly different from unity.

When 2=1 and ¢, -0 Eq. (6) gives that the
velocity, v, of the boundary approaches v,. In this
limit the term under the root sign in Eqg. (6)
approaches the value:

< 4c,U(1+ k)())
\/ S

A rea solution to the mass balance equation can
only be obtained when the term under the root sign is
positive. Except for U, al other parameters are
positive and U must therefore be negative which
requires that u, >u;. The case when =1 is there-
fore divided into two separate cases, when u,>u,
and when u,>u,. In the former case it is not
possible to find conditions that satisfy the mass
balance equation for low concentrations of com-
ponent 3. For an analytical peak this means a non-
coherent migration of the components in the euent
which leads to a strong distortion of the peak shape.
For the case u,>uj, there is a real solution to the
mass balance equation for all concentrations of
component 3 and in the limit ¢, - O this solution is
U - U,. As before, in this limit **zero is divided by
zero” in Eg. (4) and it is easily shown by series
expansion that ¢, —c; when ¢, - 0.

3. Results and discussion

A result of the analysis in the Theory section is
that there is a difference between the cases when 2
is distinctly different from unity and when 2=1.
When (2 is distinctly different from unity and c; is
very small, there are two roots for the velocity which
satisfy the mass balance equation, Egs. (88) and (8b).
For the first of these roots the concentration of c,
that fulfil the coherence condition in the zone
approaches c;. For the second root the coherence
condition is fulfilled when c,={c;. From a mass
balance point of view both roots are physicaly
realistic and it is not possible at this stage to
discriminate between the two. A reasonable assump-
tion is that the starting conditions determine which of
the two roots that a zone or peak will attain. If, for
example, the concentration of component 1 is c;
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when the peak starts to migrate then its velocity
would be according to root 1. If, on the other hand,
the concentration of component 1 is (2c; then the
peak velocity would be v,. Experiments are needed
to clarify whether this assumption is correct or not.

In the Theory section it is shown that when 2=1
it is necessary to discriminate between two cases,
when u, >u, and when u, <u,. A redl solution to the
mass balance equation is possible only in the former
case, this contrasts to the case when u,>u, where no
real solution exists in the limit c; - 0. The velocity
of the boundary when (2 is close to unity is analysed
in this section by numerical calculations. For the
solution of the mass balance equation to be phys-
icaly attainable, two criteria must be fulfilled; the
expression for the velocity, Eq. (1), must have real
values and at the same time the concentration c,
corresponding to this velocity must be positive. The
two velocity roots, with the corresponding concen-
trations of component 1, for two different cases are
analysed as a function of the concentration of
component 3 at low concentrations. In al the calcu-
lations (2 is varied by varying the current through
the column keeping the rest of the parameters
constant.

In Fig. 3athe velocities according to root 1 for the
case u,>u, for different (2 values are shown as a
function of the concentration of component 3. The c,
values that correspond to the velocities in Fig. 3a are
shown in Fig. 3b. Fig. 3a shows that when 2>1 the
velocity of the boundary increases when c, in-
creases. The reason for this is understood from Fig.
3b that shows that when c, increases the concen-
tration of component 1, c,, decreases. This leads to a
decrease in the conductivity in the zone and a
corresponding increase of the electric field strength,
which in turn increases the velocity of the boundary.
When 2<1 there is a small decrease in the velocity
when the concentration of component 3 increases
due to a small increase of the zone conductivity. All
these calculated functions are well represented by the
approximate Eq. (8a). When (2=1 this approximate
function is not valid and the velocity increases
strongly and non-linearly when c, approaches zero.
The presence of this increase is visualised more
clearly in Fig. 3b which shows the strong decrease in
the concentration of component 1 in the zone,
resulting in a corresponding decrease in the elec-
trolyte conductivity.

In Fig. 4a the velocities calculated from root 2 for
the same parameters as in Fig. 3a are shown. For low
c, vaues the velocity is close to v, for al the (2
values in accordance to Eq. (8b). As the concen-
tration of component 3 increases the velocity in-
creases or decreases almost linearly in accordance to
this equation. It is interesting to note that the velocity
is ailmost independent of the 2 value and is always
close to v,. The constant velocity is achieved by
creating a zone with a conductivity, which regulates
the velocity to v, irrespective of the amount of
current that passes through the column. For example,
in Fig. 4 the 2 vaue varies between 0.5 and 2 but
the velocity of the boundary is ailmost the same. This
is achieved by creating an electric field strength, in
the zone where component 3 is present, which is
constant and independent of the current. It is interest-
ing to compare the velocity plot for 2=1 between
the two roots in Figs. 3a and 4a, respectively. Both
plots intersect at v = v, and show a strong non-linear
increase and decrease, respectively, when c; in-
creases. The same intersection point means that both
roots are physically equivalent at low c, values for a
component with £2=1 and it is possible for one part
of the peak to follow root 1 and another part to
follow root 2, this will cause a strong broadening of
the peak.

Numerical examples of the two roots that are
obtained for the case when u,>u, are shown in Fig.
5a (root 1) and Fig. 6a (root 2). The parameters are
the same as in Figs. 3 and 4 except that the u, and u,
values are interchanged. In the limit ¢, - O both roots
show the same pattern as in Figs. 3 and 4, i.e, the
velocity is well described by Eq. (9a) for root 1 and
Eg. (9b) for root 2. The concentration of component
1 a'so follows the same pattern since ¢, - ¢; for root
1 and c, - £c; for root 2 in the limit c; — 0. When
C, increases the discussion in the Theory section
showed that when (2 approaches unity the range of
c, values that gives real velocity values becomes
more and more limited. This is clearly seen in the
figures where the curves becomes interrupted at
successively lower ¢, values the closer (2 is to unity.
When (2=1 the solution of the mass balance equa-
tion gives an imaginary value for the velocity also
for vanishingly small concentrations of component 3
and this case can therefore not be presented in the
figures. The calculated c, values that correspond to
the two velocity roots are shown in Figs. 5b and 6b,
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Fig. 3. (& Caculations according to root 1 of Eq. (6) for the velocity of the moving boundary as a function of the concentration of
component 3 with (2 as the parameter. (b) The concentration of component 1 in the zone which satisfies the coherence condition, as a
function of the concentration of component 3, with (2 as the parameter. In both figures the parameters in Eq. (6) have the following vaues:
k=1, v,=3-10"° (M/9), u,=8-10"° M?*/V 9), u,=—6-10"° (M’/V 9), u;=5-10"°% (M*/V 9), ¢, =10 (mol/m>).

respectively. The physical interpretation of an im- ence condition. In analytical applications this implies
aginary value for the velocity is that no concentration that the peak will broaden in an uncontrolled and
of component 1 exists which can satisfy the coher- unpredicted manner.
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Fig. 4. (8 and (b) The same calculations as in Fig. 3a and b but according to root 2 of Eq. (6).

4. Conclusions

A mass balance analysis for a moving boundary of
ionic species in electrochromatography results in a
complex behaviour. The complexity is due to the
simultaneous requirement of coherence and equilib-

rium with the stationary phase in combination with
the electroneutrality condition in both the eluent and
on the stationary phase. In the limit of low analyte
concentration, the introduction of the electrochro-
matographic migration number (2, defined by Eq.
(5), facilitates the analysis of the equations which
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Fig. 5. (& Calculations according to root 1 of Eq. (6) for the velocity of the moving boundary as a function of the concentration of
component 3 with (2 as the parameter. (b) The concentration of component 1 in the zone which satisfies the coherence condition, as a
function of the concentration of component 3, with (2 as the parameter. In both figures the parameters in Eq. (6) have the same values as in
Figs. 3 and 4 except that the values for u, and u, are interchanged, i.e.; k=1, v,=3-10"° (m/9), u;=5-10"° (M*/V 9), u,=—6-10"°
(M?/V'9), u;=8-10"° (m?/V 9, ¢, =10 (mol/m?®).
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Fig. 6. (@ and (b) The same calculations as in Fig. 5a and b but according to root 2 of Eq. (6).

emerge from the mass balance analysis. For example, mobility of the analyte is higher than that of its
the theory shows that the case =1 requires a co-ion in the eluent, it is not possible to obtain a
special treatment. For this special case, and when the stable peak that moves along the column. Also when
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the mobility of the analyte is lower than the co-ion,
uncontrollable effects on the peak shape may occur
when 2=1.
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