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Abstract

Electromigration dispersion (EMD) was studied theoretically with comparison of the results to experimental findings. The
EMD behavior of a sample constituent in a given background electrolyte (BGE) could be described by an EMD constant,
which determines uniquely the direction and the degree of a peak deformation into a triangular shape in a strong or a weak
ion BGE system in capillary zone electrophoresis (CZE). The EMD constant was found to be proportional to the linear sum
of the relative change of the electric field strength (conductivity effect) and the relative change of the effective mobility of
the sample constituent (pH effect) across the steep boundary between sample and BGE zones. Based on the moving
boundary model or equations, the two effects, as well as the EMD constants for different BGE types, can be calculated
separately. Analytical solutions for those effects were also obtained for some simple cases. Computational results have
shown that the conductivity effect and the pH effect for an analyte can be quite different with different BGE types. In some
cases, the effects of conductivity and pH on EMD act in the same direction, and reinforce the peak broadening. In other
cases they act in opposite directions, and therefore counteract each other partially or completely, leading to a relatively
symmetric and narrower peak. To compare the contribution of each dispersion source, a variance of EMD, which is
proportional to the EMD constant and time, was defined. It was found that the total variance of a peak can be approximated
as the sum of the variance due to EMD and the variances due to other dispersion sources.

Keywords: Electromigration dispersion; Buffer composition; Moving boundary; Indirect detection; Dispersion; Overload
columns; pH effects; Organic acids

1. Introduction

The background electrolyte (BGE) in capillary
zone electrophoresis (CZE) serves as a medium to
keep the electric field and the pH constant, in order
to obtain constant effective mobilities of the sample
constituents. Under ideal separation conditions and
with low sample concentrations, molecular diffusion
is the only source of zone broadening [1]. In that
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case, the only requirement on the BGE is to have
adequate pH-buffering capacity at the pH required
for the separation. However, a high sample-to-buffer
concentration ratio is often required for reasons of
detectability, especially using indirect detection,
some techniques such as CE-MS, post-column re-
action and in (micro)preparative applications. In such
cases, one is often confronted with problems of
concentration overloading. Overloading results in
broader, triangular peaks and hence impairs the
resolution. Concentration overloading, also known as
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electromigration dispersion (EMD), is commonly
explained as the result of the distortion of the electric
field in the sample zone by the presence of the
sample ions.

The phenomenon of EMD has been investigated
over a long time; For instance, work was done by
Hjerten [2] and Mikkers et al. [3,4]. They concluded
that for a system with strong electrolytes the EMD
can be eliminated by matching the mobility of the
co-ion of the BGE to that of the sample ion. This
result became known as the “‘ionic mobility match
rule” or simply “u-rule”. When weak electrolytes
and hydrogen or hydroxide ions are involved, the
problem of EMD is much more difficult to solve. In
1989, Foret et al. [5] illustrated experimentally the
role of EMD in a system containing mono- and
poly-weak sample ions. They found that the sharpest
peaks were those of components having an effective
mobility close to that of the background electrolyte.
This finding, known as the ‘“‘effective mobility match
rule” or simply “f-rule”, was later discussed
theoretically by the same group [6].

Matching rules can be derived from Kohlrausch’
regulating functions [7,8]:

_.C‘»
@ =22 (1)
@, =2 7C, (1b)

where C, is the total concentration of the constituent
iand Z, is +1 or —1, depending on the sign of the
charged forms of constituent i (Generally, in this
paper, a bar over a symbol indicates that its value
has to be summed or averaged over all ion species of
a constituent). However, the Kohlrausch’ functions
are not sufficient to solve the problem of the EMD
when the electrophoretic system contains a poly-
weak electrolyte or more than one ionic constituent,
Also, they can not be used for low- or high-pH
BGEs, since in the second Kohirausch’ function it is
assumed that the charge transport by hydrogen or
hydroxide ions can be neglected. Therefore, the
matching rules are only valid for a BGE containing a
single strong electrolyte (u-rule) or a single mono-
weak electrolyte in the middle pH-range (i-rule).
Recently, Wang and Hartwick [9] extended the
u-rule to a binary BGE system of strong ions. They
showed that when a BGE was prepared from two

visualization agents with different mobilities, good
peak shapes could be obtained for analyte ions with a
mobility close to that of either of these agents.
However, they could not explain the disturbance
peak (in fact, the system peak) with a mobility
between those of the two BGE co-ion components.

The migration rate of a weak sample constituent in
its zone can be dependent on its concentration as a
result of a change in the conductivity, affecting the
migration rate via changes in electric field, or as a
result of a change in pH, affecting the migration rate
by a change in the effective mobility of the com-
pound. While the first mentioned effect has been
studied extensively, the latter one has received much
less attention. The effect of pH changes by overload-
ing has only been mentioned briefly in several
papers, for instance, [10-12]. A recent study [13],
based on mass balances of co-ions and counter-ions
of the BGE, described the influence of local pH
changes on the effective mobility of sample con-
stituents. However, it did not give an explicit de-
scription of the relationship between the conductivity
and pH changes. Moreover, it neglected the migra-
tion of hydrogen and hydroxide ions.

A useful tool for studying EMD is the computer
simulation program for CZE developed by our group
[14]. The fundamentals of the numerical method of
this program, in which various equilibria are consid-
ered and the basic laws of electrophoretic transport
are applied, have been described before [15]. The
program allows one to predict the migration rate of
the sample constituent as a function of its con-
centration and consequently all effects of EMD, in
all pH ranges, and to predict peak shapes and system
peaks. The program can handle rather complicated
electrophoretic systems, with sample and BGE com-
ponents having up to five protolytic equilibrium
steps, and up to four independent BGE constituents.
The predictions of this numerical approach are in
agreement with analytical expressions for those cases
where the latter can be derived with simplifying
approximations.

Electropherograms simulated by this program have
shown that the u-rule and the g-rule are not
universally applicable. For example, two symmetric
peaks can be obtained with just a single BGE, and a
symmetric peak can sometimes be obtained for a
constituent having an ionic mobility and an effective
mobility that are close neither to the ionic mobility
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nor to the effective mobility of the co-ion of the
BGE.

In the work presented in this paper, the two causes
of EMD, conductivity and pH changes, and their
mutual interaction have been studied. Theoretical
results have been compared with computer simula-
tions and with experimental electropherograms. Gen-
eral conditions and key parameters to obtain a
minimum EMD will be discussed.

2. Theory
2.1. Electromigration dispersion (EMD) constant

Sample constituents with different mobilities in an
injection plug start to split into separated sample
zones when an electrical current is passed through
the capillary. The velocity of an individual sample
ion may vary with changes of the sample con-
centration along the migrating zone. The sample ion
in a region with a higher concentration may move
faster or slower than at a lower concentration, which
results in a more or less triangular zone with a steep
front on one side and a ramp on the other side, of
course, with the actual shape modified by diffusion.
The difference between the migration distances of
the sample constituent on both sides of the zone
increases with the migration time. This type of zone
broadening, which is called electromigration disper-
sion (EMD), is illustrated in Fig. 1.

In Fig. 1, it is assumed that the velocity of a
sample ion in the sample zone « close to the steep
boundary (#) is higher than the velocity in the BGE
zone S (17?). Also the steep front has a higher
velocity in this case. After passing the current for a
time increment Az the sample zone width will be
increased by (¥¢ — P2)At.

In electrophoresis it has been generally found that
to a good approximation the velocity of a sample
constituent in its zone is linearly dependent on the
ratio of its concentration and that of the BGE. Since
the velocity (difference) is generally proportional to
the field strength, the velocity of the steep front of
the zone (¥g) can be expressed as:

(2)
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Fig. 1. Schematic representation of peak broadening due to
electromigration dispersion (EMD) in CZE. The width of the
sample zone increases from Al“ +x to Al? +x with a passage of
an electric current for a short time Az, because the velocity of the
sample constituent (%) changes with its own concentration (Co).

where the C : is the concentration of the sample
constituent at the steep boundary and Cyg is some
convenient measure of the BGE concentration in the
B solution, which will be discussed later. The EMD
constant kg, as defined by Eq. (2), describes the
direction of the EMD and the sensitivity of a
sample—~BGE combination to overloading.

In our next paper we will give evidence for the
accuracy generally obtained with this approximation.
At this point we just note that the results obtained
with the computer program described in Ref. [14]
nearly always justify this procedure.

For a sample constituent in a given BGE, the
EMD constant kg, remains unchanged during the
CZE process and uniquely determines the EMD
behavior of the sample constituent.

The concentration of the charged forms of a
constituent in the BGE which dominates the EMD of
the sample constituent is chosen as Cyg. Usually it
is equal to the concentration of the strong ion of the
buffer mixture. With a multiple-ion BGE, an arbit-
rary dicision on the choice of the concentration Cygg
has to be made [9].

2.2. Conductivity and pH-shift effects

From the definition of a mobility ji=7v/E, we
have:

—=agand—5="" 3)
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Combining Egs. (2) and (3) gives:

Kemp = in_ﬁsli_ (—A_%; + A—p;is AE?%)
Cs/Chae \E Hs EV @
e <5§+ Aﬁs) @
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where AE=E“—E” and Ajig=ag— b,

Furthermore, when the sample zone is not ex-
tremely broad, it holds that E” is a constant equal to
VIL, where V is the voltage applied to the tube and L
is the tube length. Since the current density is
uniform over the tube, we have:

v

J=Ek"=E°x"=7«" (5)
where J is the current density and « is the con-
ductivity.

By reorganizing Eq. (5), the relative change of the
electric field in Eq. (4) can be rearranged into:
AE | - dw ;
EB = K“ ( )

where Ak =k —«”.

By substituting Eq. (6) into Eq. (7), we have:

_B _

a —-Ax  An

Kenp = 2a > ( et —BS> ™
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We assume that ionic strength effects on species
mobilities and equilibrium constants are constant
under CZE conditions. The changes in ug are then
brought about exclusively by shifts in the acid—base
equilibria, brought about by changes in pH. There-
fore, Eqgs. (4,7) show that the EMD in CZE consists
of two effects: (1) the change of the electric field
strength as a result of the conductivity change (k
effect) and (2) the change of the effective mobility
as a result of the pH change (pH effect).

The effective mobility & of a constituent, the
average of ionic mobilities of all of the subspecies,
can be calculated in the way described by Tiselius
[16], provided that the acid—base constants as well as
the ionic mobilities of the various protonated forms
of the constituent are known:

A= au (j=0,....n) ®)

where u; is the ionic mobility of subspecies j; &, is
the effective mobility of constituent i and «; is the
fraction of the subspecies j having j bound hydrogen
ions of a constituent possessing n complexed hydro-
gen ions. The value of o; at a given pH can be
calculated by the well known equation:

B (HVK.K," - - K,
G TV, S HIK K, + - FHIKK, - K,
(=0,....n 9

where the K; are the successive formation constants
of the subspecies with j hydrogen ions and K,=1.

As a special case, the relative change of the
effective mobility for a monoweak ion is:

Aps  Aag
B B (10)
HMs dg

where Aag=a$—a¥f and « is the fraction of the
charged form of the monoweak ion.

2.3. General solution for the EMD constant — the
moving boundary model

It is apparent from Eqs. (4) and (7) that solving
the problem of EMD is equivalent to knowing the
conductivities and pHs in both solutions a and .
The conductivity and pH in the B solution can be
easily calculated from the known composition of the
BGE. However, to find the values for the « solution
it is first required to find the composition of the «
solution. It is well known that two electrophoretic
solutions separated by a moving boundary are related
by Kohlrausch® regulating functions (Eq. 1) or
moving boundary equations, the two basic founda-
tions governing the electrophoresis [7]. In other
words, the two solutions are regulating each other.
Consequently, in principle, the composition of one
solution can be obtained by the known composition
of another solution. However, in practice the Koh-
Irausch’ regulating functions are only useful for
some very simple cases. The alternative, used here in
the numerical work, is to employ the moving bound-
ary equations to solve the problem of the EMD
constant.

Consider the steep boundary of a single sample
zone consisting of n constituents. The equations
describing such a moving boundary for weak elec-
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trolyte systems have been derived by Svensson [17]
and Alberty [18] and may be written as:
AiCT BfCl v . s

(C, -C)) i=1,...,n)

K” KT ' ¢
(11)

This equation can be applied to any constituent i
in the solutions & and B which are separated by a
steep boundary produced by the passage of current.
The quantity »“” is the velocity of the steep bound-
ary. The conductivities of the two solutions are «“
and «”. The conductivity is given by the expression:

Kk =F-10002, > z,u,C;
i
(i for all constituents, j for all ions) (12)

where z;, u; and C,; denote the charge number, the
ionic mobility and the concentration of j subspecies
of all species in solution which comprise the i
constituent, respectively.

Since the sample constituent is not present in the 8
solution, Eq. (11) for the sample constituent be-
comes:

v o
x

Ia aB
k* J (13)

Combining Egs. (11) and (13), the general moving
boundary equations for a weak ion system in CZE
are obtained:

o ACPk* e

A€~ = ayCl - ¢ (14)

The equation set above may be applied to any
constituent except for the sample constituent in the a
and 3 solutions. However, a special “constituent™ is
formed by the protons, either present as “hydrogen
ion”, (e.g., H,07), or bound to bases forming
undissociated acids. The treatment of this proton
constituent is mathematically tedious. One way to
avoid this is to use Eq. (14) only for all the other
constituents and to calculate pH (H,0™ and OH")
afterwards as dependent variables from the equations
of electroneutrality condition and the constant of the
ionic product of water equilibrium [14]. Then the
independent variables of n—3 concentrations (of all
constituents except those of sample, proton and
hydroxide) and the pH in the « solution can be

found, from the n—3 moving boundary equations,
the electroneutrality condition and the water auto-
protonizing constant, under the following assump-
tions: (1) All quantities in the B solution and the
sample constituent concentration in the a solution
are known. (2)The ionic mobilities and the formation
constants of constituent species are known and
unchanged when they cross the steep boundary.

Eventually the relative change of the conductivity
and the effective mobility across the steep boundary,
or the EMD-constant, are calculated from the calcu-
lated constituent concentrations, and the pH in the a
solution.

The complete equation set can be solved numeri-
cally with the help of a standard mathematics
software package.

2.4. Analytical expressions for the EMD constant
in monoweak ion systems

When the sample constituent is a strong or mono-
weak ion of the form HS/S ™ or HS " /S and the BGE
also contains only one strong and one monoweak
ion, accurate analytical expressions for the conduc-
tivity and the pH effect can be derived (see Appen-
dix). These derivations are based on a linearization
of the Kohlrausch’ functions (Eq. 1), in which the
charge transport by hydrogen and hydroxide ions is
neglected. Therefore, the expressions will only be
valid in the middle pH range. The expressions
derived depend on the acid/base type of the BGE
constituents, in relation to the type of sample ion.
BGEs can be classified in this respect into four
different types, as given in Table 1. The analytical
expressions derived for types | to IV are given in
Table 2.

Table |

Classification of BGE

BGE type Sample BGE

I S” A" R™
S* A~ R”

1 HS"/S A HR™/R
HS/S~ A" HR/R™

11 HS"/S HA/A™ R"
HS/S™ HA® /A R™

v HS"/S HA/A™ HR™/R
HS/S™ HA™ /A HR/R™

* R=BGE co-ion; A=BGE counter-ion.
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The expressions in Table 2 may be helpful for
explaining some of the features of EMD observed
experimentally. For instance, with a strong analyte
ion in a strong BGE (type I), where there is no pH
effect, Eq. 15 shows that the w-rule applies, i.e.,
symmetric peaks will be observed when the mobility
of the strong analyte ion matches that of the BGE
co-ion. Egs. (16) and (17) show that the g-rule and
the g-rule may apply for BGE types Il and III,
respectively, when the sample constituent is strongly
ionized at the pH-value of the BGE (ay—1). It is
also shown that, in all cases, the pH- and the
conductivity effects can be made smaller by choos-
ing a BGE counter-ion with a large absolute mobili-
ty.

Table 2 shows that both effects can have a
positive or a negative value. Therefore, conditions
may be found where the two effects cancel each
other, although finding such conditions is not
straightforward. However, the equations given can be
used to estimate the performance of a particulate
BGE in terms of EMD. Moreover, when different
buffer systems can be used, giving the pH appro-
priate for the separation of certain sample com-
ponents, their EMD performances can be compared.

2.5. Relationship between the peak width and the
EMD constant

In general, it may be assumed that the concen-
tration of a sample constituent is changing linearly
with the distance in a (triangular) sample zone. Since
the sample constituent in the sample zone must
match the injected amount, the integral mass balance
with respect to the sample amount can be expressed
as:

_ 1 —a

CS,Olinj ) WemnCs (19)
where C is the sample’s concentration at the in-
Jection; /;; is the injection length of the sample zone
and W,,, is the zone width developed at time, ¢.
The zone broadening dW,,,, in time dr is (Fig. 1):

dWinp = |_ _Vs|dt (20)

Combining Egs. (2), (19) and Eq. (20), we have:

2Eﬁlm Cs 0|kE'VID‘
f Wesp Wenp = —— ¢ —— f dr (21)
BG
If this expression is integrated, the result is:
2 4E lm CS ()|kEMD|t
EMD — JCBGE (22)

Here it is assumed that the sample injection length
is much smaller than the width of the migration
zone.

Eq. (22) shows that the peak width caused by
EMD is proportional to the square root of the time,
as is the case for regular dispersion. Therefore, it lies
at hand to treat it in the same way, using a variance
(UEMD), defined as the second centralized normalized
moment. For a triangle, this is equal to W},,,. Thus,
it follows:

2EB! Cb OlkEMD|t

2 inj
a
FMD
9CBGE

(23)

3. Experimental
3.1. Apparatus

CZE was carried out using a Prince system (Lauer,
Emmen, Netherlands) equipped with a linear UV
detector Model 200 (Linear Instruments, Fremont,
CA, USA). 50 wm L.D. untreated fused-silica capil-
laries with a total length of 60.0 cm and an effective
length of 45.1 cm were obtained from Polymicro
Technologies (Phoenix, AZ, USA). Sample injection
was performed by compressed air (80 mbar for 3 s),
unless stated otherwise. The output of the detector
was fed to a Hewlett-Packard HP3394A integrator.
The pH of a BGE was adjusted using an appropriate
concentration of sodium hydroxide solution. Samples
were dissolved in the running BGE.

All computation was accomplished on a 486DX
PC. The numerical procedures available for solving
simultaneous equations were performed with the
program Mathematica version 4.0 (Wolfram Re-
search, Champaign, IL, USA) and the concentrations
in BGE were used as the starting values for the
procedures.

All data for the mobilities and pK, values were
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obtained from the sources in Refs. [19-22] unless
stated otherwise.

3.2. Chemicals

Acetic acid, 1-hexanesulphonic acid, 1-heptane-
sulphonic acid and 1-pentanesulphonic acid were
obtained from Janssen Chimica (Netherlands); b-
glucuronic acid and propionic acid were from BDH
(UK); 2-ethylcaproic acid and 4-aminobenzoic acid
were from Fluka (Switzerland); valeric acid and
dodecanesulphonic acid were from Aldrich (Nether-
lands) and 2-methacrylic acid was from Merck
(Germany).

4. Results and discussion
4.1. Linearity of the EMD effect

As a criterion for comparing different BGEs for a
given sample constituent with respect to EMD, an
EMD constant kg,,, has been defined. The ‘‘con-
stant” here means that the value of kg, remains
unchanged when different electrophoretic conditions,
such as applied voltage, capillary length and con-
centration ratios are used, as it is only a function of
the chemical properties of the sample components,
the BGE and the pH.

This property of kg, is illustrated in Fig. 2. Here,
results of calculations using the moving boundary
equations are shown, giving the rate of the peak
width increase Afig as a function of C ;/ Cpge- The
difference between the velocity of the sample con-
stituent in the « solution and in the 83 solution keeps
decreasing during electrophoresis, in proportion to
the decrease in the concentration of the sample
constituent in the « solution, because of the zone
broadening. However, the ratio of the velocity
difference to the concentration is almost constant, as
is shown by the linear relationship between them.
Thus, at least in these cases, kg is approximately
independent of the concentration ratio and migration
time or length.

4.2. EMD of monoweak constituents

The condition for symmetric zones is that kgyp =
0. From Eq. (7) it follows that, apart from the case

A Cs=001

0 008 018 024

CSll ! CBGE

Fig. 2. The linear relationship between the velocity difference of a
sample constituent in @ and B solutions A% and the concentration
ratio of sample to BGE, with BGE type II for monobasic acids.
Model BGE, 10 mmol/l of monobasic acid (pK, z 4.9)+NaOH,
pH 4.9. The conditions (pK, s —pK, .. fs/ig) for each line are,
(1) —0.75, 1.3; (2) 0, 1.3;: (3) 0, 0.7; (4) —0.75,0.7; (5) 0, 0.
Coop=1/2 Ch.

when the sample is neutral ( ﬂ§=0) and co-migrates

with the electroosmotic flow, this is realized when:

—Ax A
_—+

i
5 =0 (24)

Ms

23

K

In other words, there are two conditions at which a
symmetric zone can be achieved for a non-neutral
sample. One is when both terms in the equation
above are zero, i.e., the conductivity and pH effects
are both zero. The second is when the two effects
counteract each other.

For a strong ion system of BGE type I at any pH
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only the conductivity effect exists, since there is no
acid—base reaction across the steep boundary. Calcu-
lation of results shows that this effect is zero when
the mobility ratio ug/u, equals one. This conclusion
corresponds to the u-match rule, which says that the
EMD becomes larger with increasing differences
between the mobilities of the sample ion and the
co-ion.

For a weak ion BGE system of type II, the kg
values of a monoweak acid system, and the con-
ductivity and pH effects contributing to them, dre
shown in Fig. 3A-C. The data shown were calcu-
lated for a sample-to-BGE co-ion concentration ratio
of 1:20. The ratio of the ionic mobilities of the
sample ion and the BGE co-ion was varied from 0.7
to 1.3 (lines 1-5); the ionization degree of the BGE
co-ion was varied from 0.25 to 0.75 (columns A-C).
The BGE is assumed to contain a monoweak acid as
a co-ion with a pK, of 4.9.

From Fig. 3A-C some general trends can be
observed for the type II BGE.

ab =0.25 al =050

(1) The conductivity effect is largely, but not
solely, determined by the ratio of the tonic mobilities
of the sample ion and the weak BGE constituent with
the same charge. When the ionization degree of the
BGE co-ion larger is than 50% (a, >0.5), the w-rule
is valid for this effect, which is comparable with the
analytical expression of Eq. 16.

(2) The conductivity effect is stronger when the
ionization degree of the BGE is lower, i.e., when the
BGE conductivity is lower.

(3) When the ionization degree of the BGE is low,
the dependency of the conductivity effect on the pK,
value of the sample is stronger. This can be ex-
plained by the increased influence of hydrogen ion
transport in the electrophoretic process.

(4) The pH-effect is small for sample components
that are almost completely ionized in the BGE
(ag—1).

(5) The pH-effect is small when the ionization
degree of the sample is approximately equal to that
of the BGE (pK, s=~pK, ).

=075  af =050

ok
5| A1 B1 //54“ c1 /7 D1
kEMD 0 /4\ /3\

x10¢

03] T+ T 4 —+
AE AN 0 /’_—:2- /’_—12_
5 0 \z ﬁ —ty ——— 5 —
-0.03
AZ\S\ B2 c2 D2
0.03 &
Ao 0 .
@ 0.03
U1 A3 B3 c3 D3
0 0.5 10 0.5 10 0.5 10 0.5 1

Fig. 3. Conductlwty effect AE/EB pH-effect Aa/a® and EMD constant kpmp» i @ monobasic acid system as a function of (1) ug/u, in
A-Cor g 514 p,R in D and (2) aj # the sample constituent ionization degree. (A—C), BGE type II with a4, the BGE co-ion ionization degree,
being (A) 0.75 (pH 5.4), (B) 0. 5 (pH 4.9) and (C) 0.25 (pH 4.4). (D), BGE type III with BGE counter-ion ionization degree being 0.5 (pH
4.9). The ratios of (effective) mobilities for each line, (1) 0.6, (2) 0.8, (3) l 0, (4) 1.2, (5) 1.4. Model BGEs pK,r =49 (A-C); pK, , =49
(D). The ratio of the sample constituent to BGE co-ion concentration C /C 1/20; C =0.01 mol I~
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(6) In some cases the pH and the conductivity
effects reinforce each other, while in other cases they
counteract and sometimes cancel each other, giving
symmetric peaks (kgyp=0).

Conditions leading to symmetric zones can be
found from the points where the lines in Fig. 3 cross
the zero—kgpyp axis. In Table 3 the ionic and
effective mobility ratios of the sample and BGE
constituents are given for these points. It is shown
that neither the p-rule nor the g-rule are generally
valid. Occasionally one can find conditions where,
for a number of sample constituents having similar
ionic mobilities but different pK, values (line 1 in
Fig. 3Al) or different mobilities but similar pK,
values (a5 <<0.3 in Fig. 3B1), a low kg, value is
obtained. For such a set of sample constituents all
zones in an electropherogram would be relatively
symmetric. However, it is difficult to formulate
general rules for such conditions.

In column D in Fig. 3, the EMD characteristics are
given for a type III BGE. The conditions are similar
to those in Fig. 3B. However, the pH-buffering is
obtained via the counter-ion and the ratio of effective
mobilities are used for lines 1-5 instead of the ionic
mobility ratio. In comparison to the data for a type Il
BGE with the same ionization degree (column B),
the following differences are found:

(1) The conductivity effect is almost completely
determined by the ratio of the effective mobilities of

Table 3
Cases for k., =0 extracted from Fig. 5
ag Hs ! b af A5y

1) 0.75 1.0 0.75 1

2) 0.75 1.0 1.0 2

3) 0.75 1.2 0.68 1.1

4) 0.75 1.4 0.62 1.2

S) 0.5 0.8 0.72 1.14

6) 0.5 1.0 0.50 1

7) 0.5 1.0 1.0 2

8) 0.5 1.2 0.42 1.1

9) 0.5 1.4 0.38 1.1
10) 0.25 0.6 0.83 2.0
11) 0.25 0.6 0.48 1.1
12) 0.25 0.8 1.0 31
13) 0.25 0.8 0.31 1.0
14) 0.25 1.0 0.25 1.0
15) 0.25 1.2 0.21 1.0
16) 0.25 1.4 0.18 1.0

the sample ion and the strong BGE co-ion. The
p-rule is valid for this effect, which is comparable
with the analytical expression of Eq. 17.

(2) The pH effect is almost independent of the
effective mobility of the sample ion.

(3) The resulting value of k., as a function of
the effective mobility ratio is, in general, large.

Similar calculations have been performed for a
BGE of type IV, containing two monoweak con-
stituents with the same pK, values as the pH. It was
found that with such a buffer system neither the
pg-rule nor the w-rule is generally valid for the
conductivity effect and the pH effect is smaller than
with a type II or a type III BGE. Only when the
sample ionization degree is less than 0.7, does the
f-rule applies.

4.3. EMD of strong sample ions as a function of
the pH

The calculations discussed in the previous para-
graph have been performed for a monoweak buffer-
ing system with a pK, of 49 and a pH in the range
4.4-5.4. However, we have found that the general
rules obtained are valid for all such BGEs with a pH
of between 4.5 and 9.5. However, for a BGE with a
pH outside this range, the situation is more complex,
due to the increased influence of the charge transport
by hydrogen or hydroxide ions. Here, the relatively
simple case of the EMD of strong ions in a type 1l
BGE will be discussed.

EMD constants were again calculated by numeri-
cally solving the moving boundary equation set.
Results obtained for strong anions in a HS/S ~ type
II BGE are shown in Fig. 4. It is clear that, even
when pH effects do not play a role, the behaviour of
strong ions in a buffer with a high or low pH cannot
be described by a simple matching rule. General
trends observed from these and similar calculations
are:

(1) For all pH values, the kg, of a strong ion
depends on the mobility ratio of the sample and BGE
constituents.

(2) In the pH range from S to 9, the p-rule is valid
for strong ions in a monoweak BGE.

(3) In low and high pH buffers, the kg, of a
strong ion depends on the pK, of the buffering
constituent and the pH of the BGE.
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Fig. 4. EMD constant of a strong sample ion in BGE type I as a
function of pH, with the ionic mobility ratio of the sample ion to
BGE co-ion equal to 1.4 (dot line), 1.0 (solid line) and 0.6 (dash
line) at a concentration ratio of C:/C‘g =1/20.

(4) With a high pH BGE of type II, the shape of
zones of strong anions may change from strongly
tailing to strongly fronting by a small change of the
BGE’s pH. Similar behaviour was found for strong
cations in a low pH buffer containing a weak cation
as the co-ion.

4.4. Experimental evaluation

Fig. 5 shows the experimental separation of eight
monoweak acids under the same conditions as
described in Fig. 3B, with a BGE of 10 mmol 17! of
4-aminobenzoic acid (4-ABA) (pK,,=23, 4.9,
Mg =—27.7) and NaOH. The (zwitterionic) con-
stituent 4-ABA had been selected as the BGE co-ion

5 7 9 Time.min 11

Fig. 5. Demonstration of the peak broadening due to conductivity
and pH effects, by CZE separation of monobasic acids. Indirect
UV detection, 267 nm; BGE, 10 mmol/l of 4-aminobenzoic
acid+NaOH at pH 4.9; Temperature, 25°C. Separation, 300 V/
cm; Pressure injection, 80 mbar/3 s; Sample concentration, 0.5
mmol/l each. Abbreviations, 2-ECA = 2-ethylcaproic acid; VA=
valeric acid; PA=propionic acid; DSA = 1-dodecanesulphonic
acid; 2-MA=2-methacrylic acid; HPSA = ]1-heptanesulphonic
acid; HXSA = l-hexanesulphonic acid; PSA = 1-pentanesulphonic
acid. Numbers by peaks, values of k,,;, X 10°. Further details as
in Table 4.

because it functions as a monobasic acid with a pK,
of 4.9 at the pH studied and meets the requirement to
match the ionic mobilities of the sample ions of
interest. The values of the two effects of conductivity
and pH for each acid are listed in Table 4. It can be
seen that the two symmetric peaks of valeric acid
(VA) and 1-hexanesulphonic acid (1-HXSA) are in
conditions leading to both AE~0 and Aa=0. The
relative narrow peaks of 2-ethylcaproic acid (2-ECA)
and propionic acid (PA) are in conditions in which
the two effects (with different signs) are partially
counteracting. The rather broad peak of 2-
methacrylic acid (2-MA) is in a condition of the two
effects acting in the same direction (the same sign).
The acids 1-dodecanesulphonic acid (1-DSA), 1-
heptanesulphonic acid (1-HPSA) and 1-pentane-
sulphonic acid (1-PSA) are strong ions at this pH,
hence their EMD behavior is only dependent on the
mobility ratio (pH effect is zero).

The ionic mobilities of all samples and of ABA
itself were measured at pH 8.2.

It was found, as listed in Table 3, that the effective
mobility ratio for a symmetric peak can be far from
one. For instance, when the BGE parameters are set
to let the pK, value of BGE equal the pH (af =0.5,
A%t =0.54,) and its ionic mobility is equal to that of
the sample, it is possible that the sample peak
becomes symmetric, with the effective mobility ratio
being one or two. This is just the case for the peaks
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Table 4
Data with respect to Fig. 5
w a’ Pk, AE/E Aala Keno
(10 m* v (10 m* v's™) (10’ m*v'sh
Sample
2-ECA —~23.73+0.08 ~15.20+0.03 4722 0.011 —0.0091 -0.29
VA —~28.20+0.08 ~17.47+0.03 4.842 —0.001 0.0000 0.18
PA ~32.67+0.07 —-20.17+0.05 4.874 -0.010 0.0050 1.01
DSA —21.16+0.07 —20.90+0.01 <1 0.023 0 —4.80
2-MA —33.22+0.09 —25.54%0.04 4.483 —0.015 —0.0088 6.08
HPSA -26.000.06 —25.86+0.01 <1 0.0022 0 -0.57
HXSA ~27.48+0.11 —27.42+0.01 <1 —-0.0010 0 0.27
PSA ~29.73+0.08 ~29.21+0.01 <1 ~0.0066 0 1.93
BGE
4-ABA —28.93+0.32 —13.82+0.01 2.38, 4.89
Na~ 50.5
EO* 52.09

* Measured at pH 8.
" Measured at pH 4.9.
¢ Electroosmotic flow.

of VA and 1-HXSA in Fig. 5, where both the x-rule
and the fi-rule are valid for VA but only the u-rule is
valid for 1-HXSA.

Another possibility for getting a symmetric peak
for a sample constituent of a weak ion is just to
change the pH of the BGE to meet the second
condition (the counteraction of the conductivity
effect and the pH effect). Fig. 6 gives an example of
this case. It is shown by the separations of acetic
acid (pK, o, =4.75, ©=40.32) and glucuronic acid
(rPK,=3.18, ©=24.99) in the BGE of 4-ABA
(pK,=4.90, 1 =28.93). The peak of glucuronic acid
changes its triangular peak direction from front
tailing triangle to rear tailing triangle with the pH
rising from 4.00 to 5.60, and becomes symmetric at
pH 4.55. Under this condition, the effective mo-
bilities of glucuronic acid and 4-ABA are 15.03 and
9.15, respectively, with the ionic mobility ratio being
0.86 and the effective mobility ratio being 2.54. This
condition is close to the one in Table 3 (entry no.
10), which is predicted by the moving boundary
model. Acetic acid does not become symmetric but
becomes narrower when its effective mobility tends
towards zero.

As can be seen from Table 3, symmetric zones
only can be expected in the conditions of:

af=af (pK, s =pK,y)and ug> uy (25)

al=af (pK, (=pK, ) and g <, (26)

Because pK, i, <pK,, aps and Mol <HM4.apa>
according to Egs. (25) and (26), it is possible to
obtain a symmetric peak for glucuronic acid (Fig. 6)
by changing the BGE’s pH. However, acetic acid
(Fig. 6) and 2-methacrylic acid (Fig. 5) do not meet

GA
GA
AA

S AA
AAGA GA pH
A 5.60
s LAA ! 5.20

-
—“—A-i{vAA U GA 485
AA

e
s I\ AGA 420

| T T

4 6 '8 Time,min 10
Fig. 6. The experimental evaluation of the pH effect on the EMD
by using 10 mmol/! of 4-aminobenzoic acid as a buffer with the
pH adjusted by appropriate strength NaOH and a mixture of acetic
acid (AA) and glucuronic acid (GA) (0.5 mmol/l each) dissolved
in the BGE as a sample. Indirect detection, 273 nm; temperature,
27.8°C. Other conditions, as described in Fig. 5.
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the requirements in Eq. (25) or Eq. (26). When using
a BGE composed of 4-ABA and NaOH, it is not
possible to get these peaks symmetric just by chang-
ing the pH.

An example for BGE Type IV was shown ex-
perimentally, in [6], for the separation of four acids
with a BGE composed of HIBA (pK,,=4) as a
co-ion and aminobutyric acid (pK, , =4) as a coun-
ter-ion. Since the requirements, (pK, . =pK, , =pH
and af <0.7), as described in Section 4.2 were met,
the fi-rule functioned there.

4.5. Relevance of the peak width with the EMD
constant

In order to assess the separation efficiency for a
deformed triangular peak, a theoretical plate number
N, is introduced as [23]

N=101lo, (27)

where [ is the migration distance and o, is the
second moment of the peak in distance units in the
zone taken about the mean and can be expressed as,
oL, =W/18 (28)

tot

where W is the peak width at the baseline.

As known from a general formulation of the
transport equation for CZE, the concentration dis-
tribution and, in turn, the second moment of the
sample constituent in the migrating zone is de-
veloped in a complicated way, because of the EMD.
From a practical point of view, there is a trend to
look for a simple way to evaluate the contribution of
each dispersion source. Foret et al. [24] assumed that
the second moment can be the sum of the variances
due to the particular sources of dispersion, including
the EMD.

Following Foret, we assume:

2

o-lzot T O rest + Ulz)iff + 0.!23MD (29)
where o2, is the sum of the variances of injection,
detection and temperature profiles due to the joule
heat and so on, o;,,, is the partial second moment
caused by the EMD and o, is the variance of
diffusion.

Under well-designed experimental conditions,

o2, can be very small and negligible. Thus ol Jtis

O dir = \ldeiff

A A

Wan = 40 g Wenp = 40 gyp W =40,
2 2 ~ 2
G qitr + O emp ~ G ot

Fig. 7. Total peak broadening in CZE can be approximately
expressed by the sum of the peak broadening caused by EMD and
by other sources such as diffusion.

proportional to the electric field applied, the injection
length, the analyte concentration injected or the
EMD constant, as seen in Eq. (22), if o5, is
constant under the CZE condition. Their relationship
is expressed schematically in Fig. 7. Fig. 8A~C has
shown the plots of o2/t versus E”, linj and kgy,p/
Cggp, respectively. Different kpy,, /Cpge values were
obtained by using different BGE pHs, as seen in Fig.
6. The quite linear relationship between those vari-
ables implies that variances from different sources
and that from EMD are approximately additive. Fig.
9 has illustrated the peak widths at different analyte
concentrations injected. At pH 4.55, the EMD of
glucuronic acid is nearly zero due to counteraction of
the conductivity and pH effects. Its peak width
remains approximately the same below a concen-
tration of 2.5 mmol/l. Above this concentration, the
moving boundary model is no longer valid.

5. Conclusion

The migration rates of sample constituents in their
zones turn out to be dependent on their concen-
trations as a result of changes in conductivity,
affecting the migration rate via changes in electric
field and (with protolyzing sample constituents),
changes in pH, affecting the migration rate by
changes in the effective mobility of the compound.
This phenomenon can be described by the EMD
constant defined in this paper, which is a criterion for
the direction and degree of peak deformation in
CZE. The problem of the two effects and their
interaction has now been solved in three ways: (i) by
solving means of the moving boundary equations
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Fig. 8. Contribution of EMD to the peak broadening through (A) electric field applied, (B) injection (or injection pressure) and (C) EMD
constant. Experimental conditions, pH 4.0 for (A) and (B), pH 4.0-5.6 for (C), the remainder are the same as in Fig. 6.
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Fig. 9. Peak width change as a function of sample concentration.
Concentration order (peak from top to bottom), 5, 2.5, 1, 0.25
mmol/l. Number by the peaks, values of kg, X 10°. pH 4.55.

Other details as in Fig. 6.

numerically, (ii) by an analytical approximation
described in the Appendix, and (iii) by means of an
eigenvector description of the transport process [14].
The results of these methods are the same where this
can be expected, which is the case for nearly all
practical CE conditions. The total peak broadening is
found to be approximately the sum of peak broaden-
ing caused by EMD and other sources.

Appendix 1

First order approximation of the dependence of
migration rate on concentration as a result of
conductivity and pH effects

In the following, the procedure will be explained
for the case of a mono-basic neutral acid, HS, as a
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solute, in a BGE consisting of a mixture of HR, a
monobasic neutral acid, and A", a strong ion (case II,
2nd line, of Table 1). Equations for the cases II, st
line and III 1st and 2nd line can be derived in an
analogous fashion. The total concentration of each
constituent has the indexed symbol ¢ (¢4 sample ion,
cp buffering ion, ¢, strong ion), the fractions ionized
are denoted by ag and a;. The two w-relations are
for this case:

—CR,u/:u'R '—Cs,a/lu's +CA,a/l“‘A =
—CR,,B/F'R_CS,B/#’S +CAJ3//.LA (w,) (A.1)
—cg _CS,a_'—CA.a:_CR,B+CS‘ﬁ+CA.B (w,)

(A2)

o

In the uvsual case, the buffer does not contain S, so
s, g Would be zero. In addition, we have a relation
for the electroneutrality in the solute zone, a:

- aR.aCR.u - aS.aCS,a + cA,a =0 (En) (A3)

Moreover, we have a relation for the acid—base
equilibrium in the a-zone:

ag, (1 —ag )

O—ag e, Kol (Eq) (A4
where K|, is the ratio of the dissociation constant of
the buffer ion, K, ;. to that, K, g, of the solute. This
relation can be obtained by eliminating the hydrogen
ion concentration between the two individual expres-
sions for the dissociation constants. We will neglect
the contribution of the hydrogen (and hydroxyl) ions
to the conductivity, so it is indeed expedient to
eliminate these quantities from the equations. The set
of four equations allow us to find four variables that
describe the a-zone, ¢y ,, @y ,» O, and ¢, ,, as a
function of the sample concentration, ¢ ,. With that,
the effective mobility of the solute S, iy, and the
local conductivity and the mean velocity of the
solute can be found.

In the first step to arrive at an explicit expression,
all quantities, which are functions of Cg 4 are
approximated as two-term Taylor series around the
composition of the B-zone (cs ,=cg z=0):

_ !
Cra=CrpgtCrCs,

a, = +al
Ra Orpg T XRCs 4

_ !
Caa=CapgTCaCsa
_ '
A5, =g gt ACq (A.5)

where the prime indicates the derivative with respect
to cg ,. These approximations are substituted into the
four equations, the result is differentiated with
respect to cg, once, and the limit for ¢ ,—0 is
taken. The resulting four equations are:

! !
c, ¢ 1

— == (A.6)
Ma  Mr Hs
—l+c, —cg=0 A7)
—ag ptey—agcp g @ g0 =0 (A.8)

’ 2 r+ 2 r)
(a'RoszB Qs 5~ Qg g5+ AR gAs)

> 0 A9
(—l+aR_B)2a§’B (A.9)

A solution of these four equations in the derivatives
Crs g, Ca and ayg is found as:

(— oy t ps)
Cl’z — MU Ha T M) (A.10)
(M s
o r_ (7“&,3'*“543)(#,\*:‘%)#5""(“ 1 +aR.ﬂ)/"‘A(_#’R+lu‘S)
R CropHa — M M5
(A.11)
(~ pg + )
C; — Pl MR T Hs) (A.12)
(:u'A - [LR),LLS
&g
- (1 —as glas g —ag g + as g)us — prips + (— 1+ ag ghua(— pr + 4s))
(= 1 +ag glag gcg glpa ~ Mp)is
(A.13)

We note in passing that ¢, and c, are the replace-
ment ratios as are relevant in indirect detection. They
appear not to be dependent on the ionization degrees.
The mean species velocity of S, normalized on the
field in the B-zone (not strictly a mobility), ug ,, is
found from:
Usa = U alts e
. . x,

(A.14)

The conductivities, k, and Ky can be described as:

(A.15)

Ky = — 0 ,CroMp — Qs oCs o Ms T Ca o lhy
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Kg = = Qg gCr ghr T Ca ghia

Therefore, using A.5 and A6-Al3, ug, and both
values for « can be expressed as a function of the
solute concentration cg ,. Since the derivation is
valid only provided cg , is small compared to the
buffer concentrations, only two terms of a Taylor
expansion for ug , are relevant:

(A.16)

dug ,
Ug ., =« + ¢, (A.17)
s, s.8Ms deg, S

The first term, ag zug, OF s, is the velocity of S
at infinite dilution. The second term follows from the
differentiation of the full ug , expression, (A.14),
with respect to cg ,. The result has to be multiplied
by c,, since kg, as defined in the main text was
normalized on this “‘buffer concentration™:

dug
kemp = de CBGE> (A.18)
»a
where ¢, has been chosen as the ‘“‘convenient
measure” for the buffer concentration, cyg;. With
this one finds after extensive manipulation:

_ (g — M)y — a5 gis)

kEMD//‘_Ls— (/'LA_IU'R)MS
(1-ag )
1-— g g

. (1 = ag g)pp(— pa + ps)

(Hp — s dis (A.19)

as is given in Table 2. Note that the value of the
equilibrium constant X, is ‘“hidden” in the values
of ag ; and ay 4.

Use of equations from Table 2; species versus
concentration velocity

Equations such as those in Table 2 and A.19 give
the species velocity as a function of concentration.
These can be used to directly calculate the migration
rate v,, (=ug,) for a sharp front between a con-
centration of zero and a given concentration. How-
ever, in zone electrophoresis, the zone usually does
not have a constant (maximum) concentration (tri-
angular peaks, decreasing in height), and this way to
predict the zone shape on elution is therefore tedious.

It would require the integration of the travelled
distance of the maximum over time, taking into
account the decreasing concentration. When the
injection block is not infinitely narrow, further
complications would arise. It is therefore easier to
first calculate the diffuse boundary of the zone. This
is done by considering the ‘“‘velocity of a con-
centration”, ug . (in the following equations, the
index a has been omitted). Using the transport
equation:

dcg  9Js

ot (%4

where Jg is the flux of S, equal to cg-ug, one finds
for a point of constant concentration:

_(az _ Bcglot degus) 9z
Use=\or Jes dcgldz — degloz

=ug + dug/dcgeg (A.20)
Inserting an equation such as A.19 for ug as a
function of cg, the slope factor occurs twice in the
result. The values of &, thus have to be multiplied
by two for the calculation of the diffuse boundary.
Once this is done, the velocity is known as a
function of concentration. Also, the position (relative
to the corresponding edge of the injection block)
after a time 7 can be found for each concentration cg
in the diffuse boundary as the product f ug (cg). The
position of the maximum (and the sharp boundary) is
next found by applying an integral mass balance; the
area of the triangle must be equal to that of the
original injection plug, i.e., to the amount injected. In
rare (at least in CZE) cases the predicted maximum
height is larger than the original injection concen-
tration. If so, the maximum is flat, the original
injection plug is still partially visible and a corre-
sponding re-calculation has to be carried out.
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