
Introduction

When an electrical field is applied along the axial
direction of a capillary tube filled with an electrolyte
solution, the so-called electroosmotic flow (EOF) devel-
ops [1–4]. This phenomenon is a manifestation of the
presence of electrical charges on the inner capillary
surface and the associated double layer of ions in
solution. The electroosmotic fluid velocity mEO is given
by the Helmholtz–Smoluchowski equation, provided the
relevant conditions are satisfied [5–7]. It is expressed

mEO � � e=lð ÞEf; ð1Þ
where e is the electrical permittivity, l is the solution
viscosity, E is the axial electrical field strength and f is the
zeta potential at a moving boundary between the
capillary wall and the solution. The EOF has critical
implications in electrophoresis, mainly in capillary zone
electrophoresis (CZE) [8–11], where the tubes used

normally contain acidic groups attached to the wall as
a source of surface charges. The resulting f is thus related
to the chemical composition of the background electro-
lyte (BGE). Therefore, a rational formulation of solu-
tions concerning pH, ionic strength, viscosity and
electrical permittivity is required to optimize the separa-
tion performance of this technique [12–16]. Further, the
knowledge of f is of particular interest in simulations of
CZE, where ‘‘virtual electropherograms’’ are predicted
from physicochemical data of the capillary, the BGE and
analytes under separation [17–20].

In this context of analysis, one may observe that
theoretical work is required to model the ion exchange
between the capillary wall and the BGE, which is the
phenomenon determining the surface potential and
hence the EOF. Several approaches relating f to the
BGE composition have been reported [7, 15, 21–23].
Following these works, here we use and discuss a model
proposed recently by the authors [7], which was initially
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solid materials. It is also found that
the model describes successfully
experimental data of the zeta
potential for a wide range of pH and
ionic strength.
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aimed at describing silica capillary interfaces, where the
main source of surface charge is the dissociation of
silanol groups. Derivations were made in the framework
of Poisson–Boltzmann theory, with further consider-
ations of surface chemistry to account for surface charge
generation. In the present work we extend the model to
the case of polymer capillaries, where the ionizable
species are carboxylate groups.

The main aspects of the model are outlined in the next
section. Then, the results of applying the model to
experimental data available in the literature are shown.
The data considered involve different systems for which
the EOF was measured and the zeta potential was
calculated through Eq. (1). Special emphasis is placed on
the case of synthetic organic polymer capillaries. In this
section we also include examples of silica capillaries for
the purposes of visualizing the reach of the model
predictions.

Theoretical concepts

In the framework of the standard electrokinetic model [24, 25], the
interface composed of a solid surface in equilibrium with an
aqueous electrolyte solution is shown schematically in Fig. 1. The
dissociation of acid groups attached to the capillary wall generates
a negatively charged surface, with charge density per unit area r0.
The electrostatic potential associated with this charge density
decreases away from the surface because of counterion screening.
In particular, the region between x=0 and x=d, the compact layer,
is generally assumed to be free of charges owing to the finite size of
the hydrated ions. Thus the potential drop across this layer is
written [4]

w0 � wd ¼ r0=Cin; ð2Þ

where Cin is the capacitance per unit area of the inner region
between the equipotential planes at w0 and wd (see also the legend
to Fig. 1). For x‡d, in the diffuse layer, the ion distribution is
determined by the balance between entropic and electrostatic
forces, and hence w(x) is governed by the Poisson–Boltzmann
equation. The characteristic screening length illustrated in Fig. 1 is
k ¼ ekBT

�
e2
P

k z2knbk
� �1=2

, where e is the elementary charge, kB is
the Boltzmann constant, T is the absolute temperature, zk are the
ion valences and nbk are the ion number densities in the bulk. In
typical conditions of CZE, k is smaller than the capillary radius R.

The total charge density in the diffuse layer, rd, involves the
summation over all ion species as follows:

rd ¼ 2ekBT
X

k
nbk exp � ezkwd

kBT

� �
� 1

� �� 	1=2

: ð3Þ

In addition, it is assumed throughout this work that f»wd (see
also Refs. [4, 24, 26]). Thus Eq. (3) relates f to the concentration of
the ions in solution. In addition, a suitable relation between the
molar concentration of protons in the bulk, [H+], and the surface
charge density is required. For this purpose, we consider a system
composed of a solid surface containing ns weak acid groups per unit
area in equilibrium with a large electrolyte reservoir. Consequently,
the equilibrium dissociation constant Ks is obtained in the
framework of statistical thermodynamics [22]. Thus the charge
density as a function of [H+] is found to be

r0 ¼
�ens

1þ Hþ½ �=Ksð Þexp �ew0=kBTð Þ ; ð4Þ

where ens is the total number of surface charges per area unit
available. Therefore, through the electroneutrality condition
(rd+r0=0), Eqs. (2)–(4) are combined to obtain the following
expression

rd nbk ; f
� �

� ens

1þ 10 pKs�pHð Þexp �e
kBT f� rd nbk ;fð Þ

Cin

� �� 	 ¼ 0; ð5Þ

which establishes a relationship between f and the BGE charac-
teristics. Equation (5) is quite general as long as the ion densities in
rd nbk ; f
� �

are appropriately quantified through Eq. (3).
In applying the model, the first step generally consists in the

evaluation of parameters ns Ks and Cin from a set of N experimental
data pH; nbk ; f


 �
. The best values of these parameters are those

that minimize the sum
PN

i¼1 Dið Þ2, where Di represents the left-hand
side of Eq. (5) and the subindex i refers to each triad pH; nb

k ; f

 �

placed into Eq. (5). Numerical calculations are carried out with a
typical minimizing subroutine. Once the parameters for a given
capillary are known, f can be predicted for a different pH and ionic
strength. Thus the same numerical scheme is used, where the input
data are pH; nbk


 �
and the only unknown is f.

Results and discussion

In this section, before the model is used to predict the
zeta potential of organic polymer capillaries, we firstly
discuss some examples involving classical materials, as an
illustration of the model application. In this sense, Fig. 2
shows data of f as a function of pH, which were obtained
with a vitreous silica capillary at 25 �C. The experimental
conditions are described in Ref. [21]. Also in Fig. 2, lines
represent the model predictions with the parameter
values reported in this figure legend. In this sense, one
may observe that typical values of Cin are in the range

Fig. 1 Schematic representation of the electrostatic potential w(x) in
the solid–liquid interface of a capillary tube used in electrophoresis. In
this scheme, x=R–r, where R is capillary radius and r is the radial
cylindrical coordinate. Also w0 is the surface potential, wd is the
potential at the outer Helmholtz plane, d is the thickness of the
compact layer and k is the Debye screening length. When an electrical
field is applied along the capillary, normal to the x-direction, the
electric force acting on the ions drags the electrolyte solution through
the capillary. The limiting value of the electroosmotic velocity is given
by Eq. (1), provided f»wd and k<<R
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0.1–1 F m–2 [4] and the number density ns reported in the
literature is around 1017 m–2 [3, 9]. On the other hand, in
the case of solutions of KNO3, the ionic strength remains
almost constant since the concentration of salt (1 mM)
exceeds greatly the concentration of acid or base added
to adjust the pH. In contrast, the ionic strength of
Ba(NO3)2 solutions changes significantly for pH>7,
owing to the contribution of Ba(OH)2 added to increase
the pH. In fact, we found that the minimum of the curve
f(pH) in Fig. 2 (an experimental feature discussed in the
literature [21]) is predicted well by the model when the
equivalents of Ba(OH)2 are considered in the evaluation
of rd nbk ; f

� �
[7].

Another example concerning a buffer solution (no
added salt) is analyzed in Fig. 3. The data correspond to
a fused silica capillary with a 75 mM solution of boric
acid, the pKa value of which is 9.2 at 25 �C. The
experimental conditions are described in Ref. [7]. In this
figure, the line represents the model prediction with the
parameter values reported in the figure legend. In
particular, the value of pKs found had been previously
reported elsewhere [27]. The experimental data are in the
zone where boric acid has an effective buffering action.
The model prediction is also shown out of this zone to
observe the response of f as a function of pH. It is worth
noting that the model predicts the point of zero charge at
a pH of around 2.5, in agreement with results reported in
the literature [4, 28].

In the following we apply the model to zeta potential
data obtained from EOF experiments carried out with
synthetic organic polymer capillaries: polyfluorocarbon
(PFC), polyethylene (PE) and poly(vinyl chloride) (PVC)
[29]. The experimental details are well described in
Ref. [29]. Here it is relevant to mention that the BGE,

which is a mixture of buffer and salt aqueous solutions,
was formulated to kept the ionic strength relatively
constant at 10 mM for the whole range of pH. The
experimental values from PFC and PVC capillaries are
presented in Fig. 4. Data from the PE capillary are not
shown for the sake of clarity, as they rather superpose the
PFC data. Also in Fig. 4, lines refer to the model
prediction with the parameter values reported in Table 1.
A remarkable agreement between theory and experi-
ments is observed.

The values of pKs found coincide with those reported
for carboxylate groups [4, 22], being slightly higher in the
case of PVC (see also Ref. [29] and references therein). In
particular, the model predicts Cinfi¥ for all these
capillaries, which means that f » w0. This is also an

Fig. 2 Zeta potential of a vitreous silica capillary as a function of pH,
for different salt solutions at 25 �C. The symbols are experimental data
from Ref. [21]. The lines are the prediction of Eq. (5) with the
following parameter values: for KNO3, pKs=3.5, Cin=0.17 F m–2

and ns=0.8·1017 m–2; for Ba(NO3)2, pKs=3.7, Cin=0.5 F m–2 and
ns=0.45·1017 m–2

Fig. 3 Zeta potential of a fused silica capillary as a function of pH,
when a buffer solution is used as the background electrolyte at 25 �C.
The symbols are experimental data from Ref. [7]. The lines are the
prediction of Eq. (5) with the following parameter values: pKs=6,
Cin=1 F m–2 and ns=3.5·1017 m–2

Fig. 4 Zeta potential of synthetic organic polymer capillaries [poly-
fluorocarbon, PFC, poly(vinyl chloride), PVC] as a function of pH at
24 �C. The symbols are experimental data from Ref. [29]. The lines are
the prediction of Eq. (5) with the parameter values reported in
Table 1
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expected result for carboxylate groups, which allow
counterions to approach closely the surface and hence
the compact layer thickness d is very thin [4]. For
instance, values of Cin higher than 104 F m–2 were
required in Ref. [22] to fit experimental data involving
carboxylate groups attached to latex particles (see also
Ref. [30] for results involving interfaces containing both
carboxylate and sulfate groups). Therefore, as a result of

the model, it is clear that the value of the zeta potential
developed in polymeric capillaries (PFC, PVC and PE) is
practically the same as that of the surface potential,
which is accessible from titration experiments.

On the basis of the results discussed here, one may
conclude that the model appears robust enough, in the
sense that it is able to describe f satisfactorily for different
capillary materials and BGEs within a wide range of pH
and ionic strength. These calculations are thus useful to
quantify and control the zeta potential in experimental
programs of capillary electrophoresis.
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Table 1 Parameter values of the model applied to synthetic
organic polymer capillaries, as obtained from electroosmotic flow
experimental data reported in Ref. [29]

Capillary pKs ns (10
17 m)2)

Polyfluorocarbon 4.55 1.09
Polyethylene 4.95 1.14
Poly(vinyl chloride) 5.50 1.10
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